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A  FINITE  ELEMENT  ANALYSIS  OF  LIGHTNING  INDUCED 


MAXWELL  CURRENT  DENSITIES 

M.E.  Baglnski,  F.J.  German  and  L.S.  Riggs  Auburn  University 

INTRODUCTION 

The  use  of  Maxwell  currents  and  current  densities  to  describe  the 
electromagnetic  response  of  the  atmosphere  is  a  fairly  recent 
development.  Krider  and  Musser  [1982],  and  Nisbet  [1984]  have  suggested 
that  the  thunderstorm  is  fundamentally  a  current  source  and  should 
therefore  be  investigated  in  terms  of  current  densities  rather  than 
electric  fields.  The  current  densities  generated  by  charge 
perturbations  associated  with  lightning  consist  of  either  conduction 
(resulting  from  charge  movement)  or  displacement  (c03E/9t)  terms.  The 
sum  of  these  current  densities  are  referred  to  as  the  Maxwell  current 
density  (J 

•  ’  m  • 


J 

J 


m-WxH=Jp+  e„3E/3t  (1) 

»  Maxwell  current  density 
m 

p  «  the  sum  of  all  conduction  current  densities  including 
source  (impressed)  terms 
e(l3E/9t  =  displacement  current  density 


The  Maxwell  current  density  has  several  properties  that  may  be 
exploited  to  more  accurately  describe  both  the  local  and  global  effects 
of  lightning  transients  on  the  atmosphere.  Probably  the  most  important 


of  these  is  that  the  divergence  of  the  Maxwell  current  density  is  zero 
(V  •  j  *  0)  making  it  a  solenoidal  quantity.  As  a  consequence  of  this, 
the  lines  of  Maxwell  current  density  (Jm)  form  clored  loops.  Along 
these  Maxwell  current  density  stream  lines  the  displacement  term  is 
usually  dominant  at  low  altitudes  (Jp  <<  e03K/3t)  with  conduction 
current  densities  dominating  the  high  altitude  Maxwell  current  density 
(Jp  »  c03E/3t) . 

This  solenoidal  character  of  the  Maxwell  current  density 
(j  o  7  x  H,  V  *{V  x  H]  -  0)  infers  that  the  electrical  parameters  of 
the  entire  path  of  circulation  strongly  affect  its  response  and 
conversely;  if  the  Maxwell  current  density  along  the  streamline  is 
mathematically  describable;  the  corresponding  streamline's  electric 
fields  may  be  formulated  by  simple  time  domain  convolution  [Stremler, 
1977].  An  analogy  exemplifying  this  phenomenon  can  be  made  to  a  simple 
series  RC  circuit  with  the  relative  analogies  (equivalences)  as  follows: 
current  -  J^,  elemental  voltages  -  E,  and  elemental  values  C3V/3t  ~ 
e03E/3t  and  IR  ~  aE.  It  is  obvious  that  the  largest  elemental  impedance 
limits  the  circuit's  current  response,  analogous  to  the  peak  surge 
impedance  along  the  streamline's  path  governing  the  behavior  of  the 
Maxwell  current  density  (Krider  and  Musser,  1982].  Therefore,  if  the 
limiting  factors  (peak  surge  impedances)  could  be  identified  and 
incorporated  in  an  atmospheric  electrodynamic  model  simulating  the 
Maxwell  current  density  then  the  resulting  current  densities  could 
plausibly  be  used  as  the  basis  for  determining  corresponding  electric 
fields,  power  and  energy  deposition  at  all  points  along  the  streamline. 

Previous  attempts  at  investigating  [Nisbet,  1983],  via  simulation, 
the  Maxwell  current  densities  generated  by  lightning  have  implicitly 


assumed  a  conservative  electric  field  (7  x  E  >  0).  The  mathematical 
consequence  of  using  this  assumption  in  the  solution  of  Maxwell 
equations  is  to  constrain  the  electiic  field  to  decay  exponentially  in 
time;  therefore,  limiting  the  Maxwell  current  density  to  be  time 
independent  [Baginski,  1987].  This  can  be  shown  as  follows: 

Beginning  with  Maxwell's  equations,  a  single  equation  is  derived 
where  the  electric  field  is  dependent  on  the  charge  density  only. 

V  x  E  -  -M0  3H/3t  (2) 

V  x  H  «  J  +  3D/3t  +  any  additional  (3) 

sources  of  charge  movement 

7  •  D  =  p  (4) 

V  •  H  *  0  (5) 

J  “  <7  E  (6) 

D  *  e0  E  (7) 

The  general  wave  equation  is  developed  using  the  above  equations 
follows: 

1)  taking  the  curl  (2) 

V  x  7  x  E  *  -Mo  3(7  x  H)/3t  (8) 

2)  using  the  vector  identity 

7  x  7  x  E  =  7  ?  •  E-72E 

3)  substituting  (3)  for  7  x  H  in  (8) 

4)  substituting  (4),  (6),  (7)  in  (8)  results  in  the  wave 

equation 

7  x  7  x  E  =  -  M0o3E/3t  -y0 s0 3E2/ 3tZ  (9) 

if  ->  E  =  -  74> 

7  x  E  =  7  x  (-7<j>)  e  0  (vector  identity) 

(the  curl  of  a  constant  =  0) 
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7  x  7  x  E  =  0 


(9)  reduces  to 

0  =  -  p0c3E/3t  -  p0e03E2/3t2 

The  general  solution  of  this  partial  differential  equation  is: 
E(x,t)  =  E^(x)exo(-t/t(x))  +  E„(x)  (10) 

where 

x  is  a  position  vector  in  any  general 
coordinate  system 
t(x)  =  £p/a(x) 

The  Maxwell  current  density  according  to  (10)  is  independent  of 
time  generally  (9  x  H  -  cE  +  e03E/3t  =  crE0(x))  and  zero  if  no  DC  (E0(x)) 
term  appears.  All  models  based  on  a  solution  of  the  two  Maxwell  curl 
equations  with  a  conservative  electric  field  restriction  would  be 
unsuited  for  Maxwell  current  density  characterizations. 


DISCUSSION  OF  THE  MODEL 

Maxwell's  Equations 

The  simulations  described  here  do  not  account  for  the  lightning 

return  stroke  current's  (J  )  contribution  to  the  transient.  Lightning 

s 

return  stroke  currents  are  usually  considered  the  source  of  the 
propagating  component  (launched  wavefront)  of  the  induced  field  and 
involve  time  scales  ~  100  psec  (Baginski,  1987).  This  type  of  sferic 
analysis  emphasizes  the  wavefronts  refraction  and  attenuation  (Uman, 
1969).  The  focus  of  this  study  is  on  the  late  time  [Hale  and  Baginski, 
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1987]  Induced  field  characterization  in  the  relative  proximity  of  the 
source. 

The  partial  differential  equations  describing  the  electrodynamic. 
response  of  the  atmosphere  are  shown  in  the  form  required  by  PRQTRAN  for 
input  data.  The  equations  are  developed  from  the  fundamental  Maxwell 
equations  (1-7)  previously  stated  and  listed  below: 

V  x  V  x  E  «  -  y0(c3E/3t  +3Js/3t)  -  y0ee3E2/3t2  (11) 

Vp/e0=  V2  E  -  p0( oDE/ 3t  +3Js/3t)  -  yee03E2/3t2  (12) 

0  =  V  *  (7  x  B)  -  V  •  <oE  +  e03E/3t+  Jg) 

0  ■  <rv  •  E  +  vff  *  E  +  e03(v  •  E)/3i  +  G 

0  «  cp/e0  +  Va  •  E  +  3p/3t  +  G  (13) 

s 

V  •  Js  *  G„  «  source  of  charge  perturbation  (deposition  of 
return  stroke  charge) 

3p/3t  k  partial  derivative  of  total  charge  density  with 
respect  to  time 

Js  *  source  current  density  associated  with  return 

stroke  current,  J  is  neglected  in  the  simulations 

s 

p  *  charge  density 

It  is  important  to  underscore  the  fundamental  difference  in  the 

forcing  function  (charge  related  Gg)  used  here  relative  to  that  of  most 

previous  lightning  research  (topically  current  related  forcing 

functions  involving  I  ):  a  current  related  transient  (e.g.,  current 

s 

loop)  is  allowable  in  a  charge  neutral  region  (current  implies  charge 
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movement  through  space  but  not  necessarily  a  non-zero  volume  charge 
density)  and  furthermore,  a  charge  perturbation  may  be  considered 
separately  without  currents  or  _urrent  densities  present  (charge 
perturbation  implies  charge  generation  at  a  point  in  space).  In  the 
latter  case,  movement  of  charge  is  required  (conservation  of  charge), 
but  the  relative  contribution  of  each  (charge  versus  current)  mechanism 
to  the  resulting  total  solution  may  be  analyzed  separately.  Initially 
(prior  to  the  first  iterative  time  step),  no  charge  is  assumed  displaced 
and  the  electric  field  and  Maxwell  current  density  everywhere  assumed 
zero.  A  detailed  discussion  of  the  finite  element  code  employed  in  the 
simulations  is  given  by  Baginski  (1987). 

Vertical  (axial)  symmetry  is  assumed  in  this  study  with  spatial 
position  being  defined  using  a  cylinder  coordinate  system  (r.ij>,z).  The 
equations  are  developed  as  follows; 

V^E  -  I V2Er  -  Er/r2  -  2(aE4>/3^)/r2lar  + 

[vV  -  E ,/r2  +  2(3E  /3  ,)/r2]a, 

9  ?  r  9  9 

♦  lV2Ez]az  (14) 

where  a.  .  »  is  a  unit  vector  in  the  respective 

(r,  f,z) 

direction 

Axial  symmetry  eliminates  all  terms  that  vary  with  respect  to,  or 
are  functions  of  $.  The  above  equation  therefore  reduces  to: 

V^  «  [far  -  Er/r2]ar  +  [VZEzlaz 

where 

-  3ZE  /3z2  +  l/r(37V3r2(r3E  /3r)) 
z  z  z 

«  32Er/3r2  +  l/r(32/3r2(r3Ez/3r)) 

Only  the  vertical  component  (a  )  of  equation  14,  in  conjunction 

Z 

with  equation  13,  is  required  for  a  unique  solution,  via  simulation,  of 
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the  system,  A  more  detailed  discussion  of  this  specific  development  is 

given  by  Bolzvorth  and  Chui  (1982).  The  variables  simulated  in  the 

study  are  E  and  p  and  the  equations  given  as: 
z 

y0e,32E  /3t2  -  -  9p/ec+  A  -  p0<?3E  /3t 
z  z  z 

U  -  3E  /3t,  V  =  E  ,  Pa  p 
z  z 

T^E  -  3(3E  /3z)/3z  +  3(3E  /3r)/3r  + 
z  z  z 

l/r(3E  /3r) 

Z 

Vp  *  dp/dz,  Vc  «•  3o/3z 

program  requires:  r  -*  x,  z  ■*  y,  3U/3x  ■*  UX 
311/ /y  ->  UY,  3V/3x  •>  VX,  3V/3y  4  VY 


Charging  mechanisms 


A  thunderstorm  is  sustained  by  charge  separation  which  yields  a  net 
positive  and  negative  charge  center  in  a  dipole  configuration.  The 
height  of'  the  charge  centers  is  somewhat  affected  by  seasonal  and 
geographic  effects.  Heights  of  10  km  for  the  upper  and  6  km  for  the 


lov^r 


aUm  k*M/ 


1  UCi 


Mu 

l  x  AJT 


*  A - r  PIsaI  m^v.A 

^  vuarmcL  o  ^ 


lOtll 
a /v  r  j  ouu 


»,4  1  1 

W  AAA 


used  in  this  research  [Baginski,  1J87J. 

It  is  veil  known  that  the  deposition  of  the  return  stroke  current 
is  responsible  for  the  charge  perturbation  [Uman,  1969).  The  irate  of 
deposition  of  lightning  return  stroke  current  is  proportional  to  the 
time  derivative  of  the  charge  perturbation  [Holzer  and  Saxon,  1952]. 
Therefore,  the  total  charge  deposited  at  time  <t>  may  be  expressed  as 
the  integral  of  the  lightning  return  stroke  current  in  time. 
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t 


Q(t)  - 


R<t')dt' 


(15) 


0 

where  iR  -  lightning  return  stroke  current 

Q  >*  total  displaced  charge  of  the  return 
s  t  roke 

Sunde's  [1968]  lightning  return  stroke  model  is  selected  for  this 
study.  Sunde's  model  is  relatively  simple  compared  to  some  [Uman, 

1969],  but  includes  all  of  the  fundamental  attributes  necessary  to 
predict  the  "average"  electromagnetic  field  behavior  [Sunde,  1968].  The 
charge  generation  may  be  expressed  in  terms  of  the  temporal  behavior  of 
this  current,  as  follows: 

i(t)  -  l0(exp(-at)  -  exp(-bt))  (16) 

where  i(t)  ■>  return  stroke  current  (Sunde's  model) 

4  -1 

a  «  10  seconds 

b  «  0.5  x  10^  seconds-* 

Ip  »  proportional  to  amount  of  charge 

displaced  during  return  stroke 

The  temporal  structure  of  the  forced  charge  generator  is  given  as: 

3Q(t)/3t  ■  lQ<exp(-at)  ~  exp(-bt))  (17) 

Cylindrical  symmetry  is  assumed  about  the  vertical  (z)  axis  with 
the  radial  (horizontal)  coordinate  listed  as  (r).  The  spatial  structure 
of  the  deposited  charge  is  given  by  a  modified  spherical  Gaussian 
profile: 

3Q(r,z)/3t  -  (exp(-RR/(2X))/(2j;X)1-5  (18) 
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where 


X  *  variance 


RR  -  r2  +  (2  -  z')2 
z'  *  altitude  of  charge  perturbation 
The  spatial  distribution  of  the  charge  perturbation  does  not 
noticeably  effect  Maxwell  current  density  signatures  far  from  its 
interior;  since  transient  phenomenology  exterior  to  the  cloud  is  of 
interest  here  a  certain  degree  of  freedom  exists  in  the  specification  of 
the  distribution. 

Geometry  of  the  Region 

The  region  selected  (Figure  1)  is  contained  within  a  perfectly 

conducting  right  circular  cylinder  with  3  radius  of  80  km  and  height  of 

110  km.  The  earth's  surface  is  modeled  electrically  as  a  perfect 

-3  -2 

conductor  (lover  plate).  Typical  values  of  10  to  10  mhos/meter 

-14 

[Volland,  1984]  arc  given  for  the  earth's  conductivity  while  10  to 
-13 

10  mhos/meter  Is  the  usual  range  of  the  adjacent  atmosphere's 

f  4  if  4  f«f  Tk  4  /i  4  ti  a  1  <■  f  a  f  m/\  i"  <v  11  #\  f  mn  nn  ]  tllH.nt 

wiiuu\.tiritjr»  mu  x  ij  o  w  a.  ikv%\.  vmuh  a  a.  vsuv.i,  v  *■  *■  j 

making  the  earth's  surface  appear  (electrically)  as  a  perfect  conductor 
with  respect  to  the  atmosphere.  The  simulations  of  interest  were  found 
to  be  insensitive  to  increases  in  either  the  vertical  (110  km)  or  the 
radial  (80  km)  limits.  The  effects  of  both  the  Hall  and  Pederson 
components  of  the  conductivity  (abt.  ve  70  km)  and  equating  the  global 
circuits  surge  impedance  to  zero  ohms  (z  ~  0  fi)  is  based  on  worst  case 
estimates  (acknowledging  the  fact  that  only  a  passive  global  circuit  is 
assumed)  of  the  possible  effects  these  parameters  may  have  on  the 
simulations.  The  conductivity  used  in  the  simulations  is  based  on 
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measured  data  obtained  August  8,  1981  during  a  thunderstorm  campaign  at 
Wallop's  Island,  Virginia  [Baginski,  1987]  and  shown  in  Figure  2 . 

Discussion  of  the  Simulations 

The  vertical  component  of  the  simulated  Maxwell  current  density 
signatures  are  shown  in  Figure  3  for  altitudes  of  46,  53,  and  60  km  at  a 
radial  distance  of  15  km  from  the  vertical  axis  of  symmetry.  The 
waveforms  show  only  slight  differences  in  both  magnitude  and  temporal 
character.  Vertical  electric  field  signatures  at  the  same  positions 
show  a  relatively  large  variation  in  both  temporal  character  and 
magnitude  (Figure  4). 

Figure  5.  and  6.  identify  the  vector  normalized  Maxwell  current 
density  and  electric  field  for  altitudes  of  40-60  km  and  radial 
distances  of  15-30  km  at  t  ■  200  milliseconds.  The  interesting  feature 
is  that  the  Maxwell  current  density  and  the  electric  field  are  not 
aligned.  This  observation  is  of  importance  to  experimentalists  who 
typically  infer  field  characteristics  (2  and  Jffi)  from  a  single  measured 
quantity. 

The  simulated  vertical  electric  field  signatures  (Figure  4)  are 
based  on  conductivity  measurements  obtained  concurrently  with  transient 
electric  field  data  (Figure  7).  There  are  two  traits  common  to  both 
measurements  and  simulations  that  are  not  explainable  in  terms  of  simple 
re?.axation  time  solutions  [Baginski,  1987 J:  the  significant  time  delay 
prior  to  the  onset  of  maximum  field  strength,  and  the  relatively  long 
time  duration  of  the  transient.  This  fact  indicates  that  the  use  of  a 
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conservative  electric  field  assumption  (E  «  -V4>)  is  invalid  ter  the 
study  conducted. 

CONCLUSIONS 


The  major  contribution  of  the  study  of  general  importance  is  to 
emphasis  the  role  modeling  has  in  identifying  allovable  atmospheric 
transient  behavior.  This  reduces  the  researchers  need  to  rely  on 
assumptions  that  in  many  cases  are  not  rigorously  justifiable.  It  is 
probable  that  the  next  major  advances  in  atmospheric  electricity  will 
involve  numerical  simulation  predictions  of  otherwise  unexpected 
behavior. 

Lightning  researchers  may  benefit  from  the  relative  spatial  and 
temporal  invariance  or  the  Maxwell  current  density  with  respect  tc  the 
corresponding  electric  field  signatures.  It  is  likely  that  this  type  of 
characterization  would  provide  an  alternative  fundamental  description  of 
the  lightning  event  (e.g.,  forcing  function  required  for  single  particle 
statistical  solutions  via  the  Maxwell  Boltzman  equation)  that  would 
greatly  simplify  the  complexity  of  much  current  ionospheric 
phenomenology . 
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Figure  1  Electrical  Model  of  the  Atmosphere 
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Figure  2  Composite  Conductivity  Profile  Based  on 
Measured  Data  Obtained  August  8,  1081  at 
Wallops  Island,  Virginia. 
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COMPOSITE  CONDUCTIVITY 


MAXWELL  CURRENT  DENSITY 

FOR  Q  •  6  KM.  R  -  15  KM.  Z  -  46.  S3.  CO  KM 


Figure  3  Maxwell  Current  Density  Simulations  at  a 
Radial  Distance  of  15  km  for  Altitudes  of 
46,  53,  and  60  km. 
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Figure  4  Electric  Field  Simulations  at  a  Radial  Distance 
of  15  km  for  Altitudes  of  46,  53,  and  60  km. 
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Figure  5  Normalized  Simulated  Electric  Field  Mapping  for 
t  -  200  milliseconds. 
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Figure  6  Normalized  Simulated  Maxwell  Current  Density  Mapping 
for  t  -  200  milliseconds. 
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AMPLITUDE'  *1.6  TO  *S.5V/M  (7  EVENTS) 


Figure  7  Electric  Fields  Measured  August  8,  1981  by 
L.C.  Hale  and  C.L.  Croskey.  Presented  at 
aGU  Fall  Meeting,  San  Francisco,  California, 
December,  1979. 
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TRANSIENT  ELECTROMAGNETIC  COUPLING  TO  A 
CAVITY  WITH  METALLIC  WALLS* 


Harold  A.  Sabbagh 
Stephen  A.  Jenkins 

Sabbagh  Associates,  Inc, 

4639  Morningside  Drive 
Bloomington,  IN  47401 

I.  INTRODUCTION 

We  are  developing  a  computational  model  for  transient  electromagnetic  field  coupling 
into  a  metallic  enclosure.  The  model  is  based  on  a  finite  element  technique  that  uses  the 
Galerkin  variant  of  the  method  of  moments.  The  expansion  (and  weighting)  functions  are 
piecewise  linear,  relative  to  a  solid  element  with  eight  nodes.  The  model  is  fully  three- 
dimensional,  and  accounts  for  the  presence  of  a  thin,  perfectly  conducting  wire  that  spans 
opposite  walls  of  the  enclosure. 

The  finite  element  model  manifests  itself  in  two  forms:  a  vector-matrix  equation,  and 
a  fully-matrix  equation.  The  former  is  better  suited  for  explicit  time  integration,  whereas 
the  latter  uses  an  implicit  scheme. 

Methods  of  dynamic  analysis,  including  explicit  and  implicit  time  integrators,  as  well 
as  normid  modes,  are  considered,  and  an  algorithm  for  computing  the  coupling  to  the 
exterior,  directly  in  the  time  domain,  is  also  included  in  the  model.  The  exterior  coupling 
algorithm  is  based  on  an  electromagnetic  boundary-integral  relation  and  N-port  theory. 

This  paper  will  briefly  describe  the  general  model,  and  will  then  present  the  results 
of  some  numerical  experiments  with  a  one-dimensional  version  of  the  model. 

II.  THE  FINITE  ELEMENT  EQUATIONS 

In.  Figure  1  we  show  a  finite  element  mesh,  consisting  of  rectangular  cells.  The  system 
ports  are  shown  on  the  outer  surface,  and  the  thin  wire  is  shown  as  the  boundary  of  several 
cells.  This  discretization  is  convenient  for  con  tting  the  coupling  to  the  exterior  world 
through  the  ports,  and  for  accounting  for  the  e*r  cts  of  the  thin  wire. 

(a)  The  Variational  Equations  (Principle  of  Virtual  Work) 

The  basic  finite  element  model  is  derived  from  the  principal  of  virtual  work  in  elec¬ 
tromagnetics,  which  is  simply  a  variational  equation.  Start  with  Maxwell’s  equations  in 
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the  time  domain 


V  x  E  =  —  fioii 

V  x  H  =C0E  +  J, 


where  the  dot  denotes  a  time  derivative.  We  can  write  a  weak  form  of  this  system  (i.e.,  a 
“variational  form”)  by  multiplying  the  second  equation  in  (1)  by  the  arbitrary  variational 
motion,  s(r),  and  then  integrating  over  the  volume  of  the  interior  region.  When  use  is 
made  of  the  vector  identity,  s  •  V  x  H  =  V  •  (s  x  H)  -f  H  •  V  X  8,  together  with  Gauss’ 
theorem,  we  get 


j(s  x  H)  •  a  ndS  =  £0~-Js-EdV  4-  j  s  •  J  dwr  -  J  H  V  x  s  dV, 


(2) 


where  an  is  the  unit  outward-pointing  normal  vector  to  the  surface  bounding  the  interior 
region.  Equation  (2)  is  a  statement  of  the  principle  of  virtual  work  in  electromagnetics. 
This  suggests  the  following  analogy  with  continuum  mechanics;  the  electric  field  vector, 
E,  is  analogous  to  the  velocity  field  of  the  medium,  and  cq  is  analogous  to  mass  density, 
so  that  eoE  is  analogous  to  momentum  density.  The  current  density,  J,  is  analogous  to 
a  body  force  density,  and  the  magnetic  field  intensity,  H,  is  analogous  to  stress.  In  this 
analogy,  therefore,  the  first  of  Maxwell’s  equations,  (1),  is  simply  a  stress-strain  relation. 

Now  let  s  take  on  the  values  a(x)y,z) a*,  a(x,y>  z)ay>  s(z,y,z) a*,  sequentially,  where 
a(x,y,z )  is  a  finite  element  shape  function.  Note  that  we  use  the  same  shape  function  for 
all  three  components;  this  iB  not  necessary,  but  is  convenient.  Now  (2)  is  equivalent  to  a 
vector  equation  whose  components  are 


x  H)  •  a ndS  -—Cot 
dt , 

j  aExdV  + 

J  oJxdV  - 

J  H  - V  X  (aax)dV 

A 

r 

r 

r 

x  H)  •  BindS  =e0  jt 

J  aEydV  + 

J  aJydV  - 

J  H  •  V  X  {a&y)dV 

x  H)  •  a ndS  =e0  ~ 

j  aEzdV  + 

f  a  JxdV- 

f  H  •  V  x  (aat)dV. 

/ 


(3) 


The  function  z)  that  appears  in  (3)  is  called  a  testing  function,  in  the  language 

of  the  method  of  moments.  We  will  shortly  expand  the  unknown  fields,  E,  H,  and  J 
using  the  same  function.  When  the  expansion  and  testing  functions  are  identical,  the 
method  is  called  Galerkin’e  method.  The  method  of  moments,  and  Galerkin’s  variant  of 
the  method  of  moments,  have  wider  applicability  than  in  finite  elements.  They  arc  often 
used  in  discretizing  integral  equations,  as  well. 

(b)  The  Vector-Matrix  Form  of  the  Equations 

In  order  to  continue  with  the  discretization  process,  we  rewrite  the  volume  integrals 
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in  (3)  as  sums  over  Ne  cells  in  the  grid  of  Figure  1: 


0  =  £{-/  *(a,  x  K)-and5  +  e0^  J  »EzdV  +  f  aJzdV  -  J  K  ■  V  x  (sa,)^] 

1  V  J  Sr n  **  Vm  v  > 

0  =  5Z  f—  /  9(ayxK)^dS+€Q~  f  ^EydV+  I  aJvdV  -  f  H  •  V  x  (*avy7  j 

fy\~  l  V  *  •/  Vln  J  Viw  ”  V^w  / 

0 -_£{-/  a(a,  x  H)and5  +  CoA  f  sEzdV  +  f  sJzdV  -  j  H  -  V  x  (<az)</v|. 


The  three-dimensional  shape  function,  a(®,  y,  *)»  that  is  to  be  defined  over  each  element 
in  (4)  is  called  an  8-node  isoparametric  solid  element.  In  order  to  learn  more  about  this, 
refer  to  Figure  2.  The  (£ ,  r/,  £)  coordinate  system  has  its  origin  at  the  center  of  the  8-noded 
solid  element,.  Let  X^-  be  the  location  of  the  jth  node  in  this  element.  Then,  any  other 
spatial  point  within  the  block  can  be  written  as 


*K,  *?,  <)  =  £>«.  7.  -1  <{,>!,<  <1  (5) 

i- 1 


where 


<h  =|(1-  0(1 -■))(!- 0 

/A.  An  _l.  *Vl 

ri  ~  g  v-  »  '*j\*  w 

<h=l(i-m+v)(i-o 
fa  0(!  +  0(1  -0 

=g(l  t0(1-*)(1  +  0 
<67  =g(i-0(n  ’/Ki  +  O 
^8  ="(1  +  0(1  +  r/)(l  +  () 


are  (trilincar)  interpolating  functions.  Note  that  x(£,77,C)  takes  on  its  nodal  values,  X;> 
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at  (£,*?, 0  =  (il.il, ±1);  i.e., 

x(-l.-l.-l)  =Xx 

-X2 

x(-l.l.-l)  =X3 
x(l.l.-l)  — X* 
x(-l,-X,l)  =X5 
-Xs 

x(-l,l,l)  =X7 
x(l.l.l)  -Xg, 

as  indicated  in  Figure  2. 

We  expand  an  arbitrary  vector  field  in  the  same  way  within  the  solid  element: 

v(x,y,z,t)  =v(x(£,77,C),i) 

8 

=  S''6<(£.v.C)VM). 


Because  we  are  using  the  same  parameters  {0j(£,r/,()}  to  expand  both  the  shape  of  the 
body,  (5),  as  well  as  all  other  vector  fields,  (8),  this  is  called  an  isoparametric  expansion. 

Clearly,  the  nodal  values,  {V,(t)},  can  be  taken  as  expansion  coefficients  and  the 
aa  expansion  and  testing  functions  in  (4).  Thus,  in  (4)  expand  the  unknown  fields  as  in 
(S),  and  Jet  the  testing  function,  s,  be  {0*},  i  —  1,  Consider,  first,  the  time-derivative 
terms  :a  (4) 


t  8 

fo  /  tiYstjEzjdV 

e°  Jv 

<0  /  4>x  Y]  4>)E»jdV. 

Jv’»  f^l 


The  three  turns  can  be  replaced  by  the  vector-matrix  product,  Ne,  where 


Ntf,t7,C)  = 


0i  0  0  02  0  0 

0  0  0  02  0 
0  0  0i  0  0  02 


08  0  0 
0  08  0  , 

0  0  08 


and 


e  = 


Exl 

Eyl 

E,i 

E*» 

Ev  8 

Ejh 


Hence,  (9)  can  be  written  in  matrix  form  as 


(11) 


’-l* 


N  dV 


e, 


(12) 


where  the  term  within  the  brackets  is  the  single-cell  “mass  matrix”.  Note  that  it  is  of 
order  24  x  24  (three  vector  components  per  node  times  eight  nodes  per  cell.) 

Similarly,  the  current  density  term  in  (4)  can  be  replaced  by  the  matrix- vector  product 

/  Nr  •  J dV,  (13) 

Jvm 

where  J  is  the  usual  current  density  vector  restricted  to  the  mth  element. 

Upon  expanding  the  curl  operation  in  the  final  volume  integral  in  (4),  we  find  that  we 
can  rewrite  this  integral  in  the  form 


/  Bt  •  K  dV, 

Jv„ 


(14) 


where  the  curl  matrix  is  given  by 


0 

0 

—fa,. 

B  = 

0 

^8, a 

0 

0 

~<t>  8,y  <f>  6,x 

YB.y 

0 


(15) 


II  is  the  us',  al  magnetic  field  vector  restricted  to  the  mth  element;  the  commas  denote 
partial  derivatives.  ' 


The  surface  integrals  in  (4)  can  be  transformed,  using  the  scalar  triple-product,  into 

dS.  (16) 


/, 


(H  x  an)  •  as 
(H  x  an)  ■  av 


(H  x  a»)  •  a* 


H  x  an  is  the  tangential  magnetic  field,  Ht,  at  the  surface  of  the  interior  system.  Upon 
letting  3  =  {4>i),  i  =  1, . . . ,  8,  as  before,  then  (16)  becomes 


[  Nt  H tdS. 


(IT) 
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Thus,  (4)  is  replaced  by  the  equivalent  finite-element  form 


^{h/  NTNdF]®  +  /  Nt-J  dV-j  Bt-H  dV  -J  Nr-Htdsj  =  0, 


(18) 


or,  in  vector-matrix  form 

Metf  =  -i  +  h  +  ht,  (19) 

where  M  is  the  global  mass  matrix,  e9  is  the  global  electric  field  vector  (i.e.,  the  field  vector 
at  each  nodal  point  of  the  entire  mesh),  i  is  the  global  “body-force”  vector,  that  corresponds 
to  the  current  density  term  of  (13),  h  is  the  global  “stress-vector”  corresponding  to  (14), 
and  h<  accounts  for  the  global  tangential  magnetic  field,  and  corresponds  to  (17). 

Equation  (19)  is  called  the  “vector-matrix”  form  of  the  finite  element  equations  be¬ 
cause  the  mass  matrix  is  the  only  matrix  present,  and  the  forcing-functions  are  left  ex¬ 
plicitly  as  vectors.  This  is  done  to  facilitate  the  use  of  explicit  time-integrators.  In  an 
explicit  approach,  matrix  methods  arc  not  used  extensively.  Later  we  will  describe  a  fully- 
matrix  model,  in  which  implicit  time-integration  is  used,  together  with  complete  matrix 
decompositions. 


(c)  Accounting  for  the  Wire 


Along  the  wire  we  require  that  the  tangential  electric  field  must  vanish  for  all  time. 
Hence 

E,{xvl)yw,z)t)  =  0,  Z(_)  <  z  <  Z(j.)  (20) 

where  (z(_),Z(+))  are  the  bottom  and  top  of  the  wire,  and  (xW)yw)  art.  the  coordinates  of 
the  wire  in  the  (®,t/)-plane  (see  Figure  1). 

Multiply  (20)  by  ari  arbitrary  variation,  a(z),  and  get 


/*<+) 

J  * 

Jsl~) 


x-ui  >  y-w  i  x,  t)dz  =  0. 


(21) 


The  three-dimensional  finite  element  grid  induces  a  one-dimensional  grid  along  the  wire, 
so  that  we  rewrite  (21)  as 


Nw  r 

53  /  =  0, 
m=l  *'*•» 


(22) 


where  Nw  is  the  number  of  segments  along  the  wire. 
We  define  one-dimensional  interpolating  functions 


-1  <  {  <  1,  (23) 

that  are  derived  from  (6)  by  letting  rj  ~  X,  Ct  =  1.  In  the  mth  cell  of  the  wire,  let 

*(S)  =*iM0  +  *j*s(c) 

&(*({))  =£'iA,(0  + 


(24) 
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where  (zj.zj)  and  (Ei,Ei)  are  the  nodal  values  in  the  mth  ceil.  Upon  substituting  (24) 
into  (22),  and  then  letting  s(z)  =  {Alf  Aj},  sequentially,  we  get  the  following  matrix  version 
of  the  c  onstraint  equation 


WTW  dz 


MO  =  0, 


(25) 


where 


W=--[A,  A2], 


c. 


\Ezl 
{_  EZ2 


(20) 


We  multiply  (25)  by  a  largs  parameter,  p ,  and  add  the  result  to  (18)  or  (19).  This 
introduces  a  “penalty  term”  to  several  elements  of  the  global  mass  matrix,  which,  in  turn, 
forces  Ez  to  be  very  small  at  the  nodes  on  the  wire. 

The  current  along  the  wire  can  be  computed  by  appealing  to  Ampere’s  circuital  law, 
which  is  the  integrated  version  of  the  second  of  Maxwell’s  equations,  (1): 


H-rfl 


=  r, 


(27) 


where  I  is  the  net  current,  i.e.,  displacement  plus  conduction.  The  closed  path  that  is 
indicated  in  (27)  lies  in  the  (x.y)  plane,  which  is  normal  to  the  wire,  and  threads  the 
midpoints  of  those  cells  that  are  contiguous  to  the  wire.  The  line  integral  is  approximated 
numerically,  given  the  value  of  H  at  the  midpoint  of  the  appropriate  cells.  As  the  path 
shrinks  to  the  wire,  the  net  enclosed  displacement  current  vanishes. 


(d)  Diagonal  Mass  Matrix 


In  applying  an  explicit  time-integration  scheme  to  (ID),  we  will  need  to  invert  the 
mass  matrix  at  each  time  step  in  order  to  solve  for  e(t).  Thus,  it  is  desirable  to  have  a 
simple  matrix  to  invert,  rather  than  the  consistent  mass  matrix  of  (19).  We  diagonalize 


by  oiliuiiiiug  each  iuw  and  aaaiguiu&  that  value  to  the  diagonal. 

This  is  equivalent  to  assigning  the  total  “mass”  of  the  system  to  each  nodal  “point  mass”. 


the  mooD  mdtuji.  Simply 


Putting  it  another  way,  we  say  that  the  “forces”  act  directly  on  each  point  mass. 


(e)  The  Fuily-Matrix  Form  of  the  Equations 


Equation  (19)  was  set  up  for  explicit  time-mtegratiou,  because  that  method  is  the  most 
economical  for  many  problems,  and  we  introduced  the  lumped  mass  matrix  to  facilitate  the 
explicit  algorithm.  Because  of  the  presence  of  the  metal,  with  its  very  large  conductivity, 
however,  the  problem  involves  two  vastly  different  time  scales,  one  for  diffusion  through  the 
walls,  and  the  other  for  propagation  within  the  cavity.  Such  problems  arc  not  easily  solved 
using  explicit  time-integrators,  so  in  Section  III  we  will  introduce  an  implicit  method, 
specifically,  the  Newmark  scheme.  That  method,  however,  or  any  other  implicit  method, 
will  require  a  fully-matrix  form  of  the  finite  element  equations,  which  will  be  developed  in 
this  section. 
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i.  /-j. 


1  ga &ai 


We  introduce  two  additional  matrices  in  (19):  the  damping  and  stiffness  matrices 
(obviously,  we  continue  to  use  structural  terminology.)  In  (18)  and  (19),  we  have 


*=£  « 

m—l  “ 'm 

N.  f 

m=l 

-SIX-' 


aNT  •  E dV 


<rNTNdV  e. 


The  integral  is  the  single-cell  damping  matrix,  and  the  global  matrix  derived  from  the 
single-cell  matrix  is  called  the  global  damping  matrix,  C.  Hence, 

i  =  Ce.  (29) 

We  drop  the  subscript,  ‘g\  from  the  global  vector,  e,  to  simplify  notation.  Note  that  C 
has  the  same  structure  as  the  mass  matrix,  M.  Indeed,  if  the  conductivity  were  uniform 
throughout  the  cavity  and  walls,  then  the  two  matrices  would  be  identical,  except  for  a 
constant  multiplier.  Throughout  the  wall,  however,  these  matrices  are  identical  (except 

t-  -  -  _ A--i.  A 

lux  uic  lAjnttbiuxi'  uuiiwipucij. 

The  third  term  in  (18)  has  a  similar  representation 

-Y  f  BT  UdV=—  V  [  Br  •  (V  x  /e(f ,T)dr)dV 

Ho  ^Jvm  Jo 

^£{LBTBdV\fc(T)dT  m 


=Kj  e(r)d7 


K  is  the  stiffness  matrix. 


Hence,  (18)  becomes  the  hilly-matrix  equation 


Me  +  Ce  +  K  [  e(r)dr  =  F(,)(t), 

Jo 


where  the  superscript,  V,  on  the  forcing  function  reminds  us  that  the  force  is  applied  to 
the  surface  elements,  only. 

Upon  differentiating  (31)  we  get  the  more  familiar  looking  second-order  differential 
equation 

Me  +  Ce  +  Ke  =  F(,).  (32) 
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Because  M,  C,  and  K  are  computed  only  once,  at  the  start  of  the  problem,  we  can 
use  a  more  accurate  quadrature  rule,  such  as  a  two-point  Gaussian  rule,  to  compute  them. 
Here,  M  is  the  consistent,  rather  than  lumped,  mass  matrix. 

III.  METHODS  OF  DYNAMIC  ANALYSIS 

The  finite  element  model  has  produced  two  systems  of  ordinary  differential  equations, 
(11-19)*  and  (11-32),  that  must  be  integrated  in  order  to  determine  the  time-evolution  of 
the  electromagnetic  field.  There  are  many  different  time-integrators  that  could  be  applied 
to  this  task,  depending  upon  the  nature  of  the  system,  and  the  information  that  one  hopes 
to  gain  from  the  solution. 

In  a  pure  wave-propagation  problem,  in  which  there  is  relatively  little  dispersion,  so 
that  the  vector,  i,  is  absent  from  (11-19)  (or  the  global  damping  matrix  vanishes  in  (11-32)), 
(11-19),  together  with  an  explicit  time-integration  scheme  would  be  quite  useful.  This  is  due 
to  the  fact  that  explicit  schemes  require  a  small  time  step,  commensurate  with  the  smallest 
cell  size  in  the  finite  element  mesh,  to  assure  stability.  Such  time  steps  are  reasonable  for 
the  short-time  response  that  one  is  often  interested  in  wave-propagation  problems. 

In  our  problem,  however,  the  highly  conducting  wall  filters  out  much  of  the  high- 
frequency  content  that  is  present  in  the  incident  wave,  and  the  model  equations  now 
contain  a  mix  of  large  and  small  eigenvalues;  such  equations  are  said  to  be  ‘stiff’.  We  are 
no  longer  interested  in  only  the  short-time  response,  because  that  response  is  governed 
by  the  high  frequencies,  which  are  effectively  filtered  out.  Hence,  an  explicit  integration 
scheme  will  no  longer  be  particularly  useful  because  it  would  require  too  many  time  steps 
to  get  to  the  temporal  region  of  interest  in  the  solution.  Thus,  we  consider  using  an  implicit 
scheme  on  (11-32). 

(a)  Explicit  Time  Integration 

The  finite  element  method  generated  the  system  of  ordinary  differential  equations 
(ODE)  shown  in  (11-19).  A  system,  such  as  this  was  solved  in  the  structural  synamics  code, 

T"'\  t  rxr  a  atv  1  v  •  «iv  .v  v  •  rr»  m  vs  «•  ».  «  «.«  .«  . 

JL/nxAJu  ii  j,  oy  using  a  sianaara  central-  cunerence  lormuia.  An  explicit  scnexnc  lixe  tms 
is  attractive  here  because  of  its  ease  of  use  and  its  speed  (assuming  a  reasonable  step  size 
can  be  used).  Since  wc  do  net  have  complicated  boundary  conditions  in  the  time  variable, 
there  is  no  need  to  use  finite  elements  in  the  time  domain  and  an  explicit  finite  difference 
scheme  is  about  the  easiest  of  all  schemes  to  implement.  However,  the  system  of  ODE’s 
generated  by  Maxwell’s  equations,  with  highly  conducting  materials  present,  is  extremely 
‘stiff’,  and  this  causes  stability  problems. 

Explicit  time  integrators  were  tried  extensively  with  the  one  dimensional  problem 
that  is  to  be  described  in  Section  IV.  Central-difference,  2nd-order  end  4tb-order  Runge- 
Kutta  schemes  were  all  tried.  All  of  these  schemes  required  extremely  small  time  steps 
for  stability.  Figure  3  shows  the  numeric  solution  to  the  One  dimensional  problem  with 
spatial  dimension  10  cm.  The  upper  and  lower  wall  were  2.5  cm  thick,  homogeneous  in 


*  This  refers  to  equation  (19)  of  Section  II. 
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the  x  and  y  directions,  and  the  5  nodes  were  equally  spaced  in  the  z  direction.  The  input 
was  a  unit  step  pulse.  The  graph  in  the  upper  right-hand  corner  shows  the  y- component 
of  the  electric  field  at  the  top  and  bottom  nodes  of  the  upper  wall.  The  graph  below  this 
shows  the  y-component  of  the  electrical  field  at  the  lower  wall,  while  the  graph  in  the  lower 
left-hand  corner  showG  the  response  in  the  center  of  the  cavity  (free-6pace).  As  can  be  seen 
here,  even  though  the  scheme  is  stable  for  the  metallic  nodes  the  free  space  node  shows 
classic  instability.  This  instability  can  be  eliminated  by  using  even  smaller  step  sizes,  but 
the  step  size  used  here  is  already  too  small  for  any  hope  of  using  this  scheme  in  a  practical 
way. 

Attempts  were  made  to  use  the  consistent  mass  matrix  (not  row-summed)  to  improve 
performance  of  these  schemes,  but  without  much  success.  Eventually  this  whole  approach 
was  abandoned.  Even  though  the  walls  filter  out  much  of  the  high  frequency  content  of 
the  incident  wave,  the  numerical  scheme  seems  to  reintroduce  this  high  frequency  through 
round-off  and  local  truncation  errors.  There  may  be  a  way  to  improve  the  stability  of 
these  explicit  schemes  by  introducing  artificial  ‘damping’  to  the  fxee-space  elements.  This 
approach  hats  been  used  in  DYNA3D.  This  could  lead  to  a  stable  explicit  scheme  using 
more  reasonable  time  steps.  Also,  if  we  were  interested  in  materials  with  much  lower 
conductivities,  the  system  would  be  less  stiff  and  these  schemes  could  be  more  attractive. 

For  the  present,  however,  we  are  forced  to  turn  our  attention  to  implicit  schemes, 
specifically  the  Newmark  method. 

(b)  The  Newmark  Implicit  Integration  Scheme 

We  will  apply  the  Newmark  scheme  because  it  introduces  the  least  trunctation  error, 
is  unconditionally  stable,  and  is  used  in  the  implicit  finite  element  codes  ADINA  [2], 
NIKE2D[3],  and  NIKE3D[4].  Our  discussion  follows  Bathe  and  Wilson  [2];  see  [5],  also, 
for  additional  information  on  time  integrators  in  finite  element  analysis. 

The  Newmark  algorithm  starts  by  expanding  the  “velocity”  and  “displacement”  vec¬ 
tors  at  <  +  Af  as: 

j.  .  i  17 1  i  1a, 

ct+at  —  <=t  t  p,-*-  —  t  -r  . 

At  =et  +  +  [(1/2  —  a)e(  -|-  rcet+At]  At*, 

where  a  and  8  are  parameters  that  can  be  chosen  to  obtain  accuracy  and  stability.  The 
combination  a  —  1/4,  8  —  1/2  gives  the  constant-average-acceleration  method,  sometimes 
called  the  trapezoidal  rule;  this  rule  yields  the  smallest  truncation  error  among  all  second- 
order,  A-stable,  implicit,  linear,  multistep  methods. 

Equations  (l)  arc  used  to  solve  for  and  e«+nt  in  terms  of  the  unknown  displace¬ 

ment,  Ct+At,  and  this  result  is  then  substituted  into  the  equilibrium  equation,  (11-32),  at 
time  t  -f  At.  This  produces  an  equation  for  e£+A<,  in.  which  the  stiffness  matrix  is  replaced 
by  an  “effective  stiffness  matrix”,  and  the  load  is  replaced  by  an  “effective  load”  at  time 
t  +  At. 

The  step-by-step  application  of  the  Newmark  algorithm  is  summarized  in  the  table 

[2]: 
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A.  Initial  Calculation * 

1.  Form  stiffness  matrix,  K,  mass  matrix,  M,  and  damping  matrix,  C. 

2.  Initialize  eo,  eo,  eo. 

3.  Select  time  step  size,  At,  parameters,  a,  8,  and  calculate  integration  constants: 

8  >0.50,  a  >  0.25(0.5  +  S)7 


no 


1 

“a  At2’ 


1 


1, 


8  1 

ai  "  aA t'  “  aA<’ 

8  ,  A  1.8 

04  =  --!,  a5  =  T(--2), 


a«  =At(l  —  8),  aj  =  5Af. 


4.  Form  effective  stiffness  matrix  K  :  K  =  K  +  a0M  -f  aiC. 

5.  Factor  K  :  K  =  LDLr. _ _ 

B.  For  Each  Time  Step: 

1.  Calculate  effective  loads  at  time  t  -j-  A t: 

=  -^i+At  +  M(do®t  +  +  ®3®t)  +  C(aiet  -f  a4et  +  aset) 

2.  Solve  for  displacements  at  time  t  +  At: 

LDLret+At  =  S&, 

3.  Calculate  acceleratioua  and  velocities  at  time  t  +  At: 

si**  >  a  ^  ( *>*  t  a  a  —  —  n<tP<  —  n-P. 

-  ITU  l  — 'U  V  ''I- 

c<+At  =  e*  4-  +  aT&i+At 


Note  that  the  effective  stiffness  matrix  is  factored  once,  at  the  beginning  of  the  prob¬ 
lem,  and  the  result  is  applied  to  the  various  right-hand  sides  (i.e.,  the  effective  loads  at 
t  +  At}.  Hence,  this  is  a  fairly  efficient  way  to  solve  this  problem.  The  initial  value  for  eo 
can  be  determined  from  the  differential  equation,  (11-32);  at  this  point  the  lumped  mass 
matrix  could  be  useful. 

It  is  very  important  to  observe  that  if  K  is  banded^  as  it  will  be  for  finite  elements, 
then  L  is  also  banded,  with  one-half  the  bandwidth  of  K,  and  D  is  diagonal.  Therefore, 
relatively  little  storage  is  required  to  6tore  these  factors.  The  inverse  of  K,  however,  is  full, 
so  it  would  not  be  efficient  to  compute  and  store  it.  This  is  the  reason  that  we  factor  K, 
rather  than  invert  it. 
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IV.  NUMERICAL  EXPERIMENTS 

We  have  performed,  several  numerical  experiments  to  confirm  the  feasibility  of  our 
model,  and  the  results  will  be  discussed  in  this  chapter.  Because  the  three-dimensional 
•oblemis  complicated,  with  no  analytical  solution  to  validate  the  results,  we  spent  consid¬ 
erable  time  developing  and  implementing  a  one-dimensional  model  that  could  be  executed 
using  several  different  approaches.  The  results  of  the  one-dimensional  are  thereby  val¬ 
idated,  and,  thus,  can  serve  as  an  indicator  of  the  correctness  of  the  three-dimensional 
computations.  Of  course,  the  three-dimensional  model  requires  much  more  computer  re¬ 
sources  than  the  one-dimensional  model,  and,  therefore,  could  only  be  executed  using  a 
very  coarse  mesh.  Even  in  this  case,  however,  the  results  have  been  encouraging,  and 
confirm  the  feasibility  of  our  approach. 

One-Dimensional  Model 

In  Figure  4  we  show  a  one-dimensional  sandwich  that  models  the  cavity  and  walls  of 
the  actual  system.  The  wire  is  absent,  in  order  to  maintain  the  one-dimensional  simplicity. 
The  purpose  of  the  model  is  to  compute  the  transient  electromagnetic  field  throughout  the 
sandwich,  thereby  gaining  insight  into  the  expected  waveforms  in  the  three-dimensional 
problem.  The  infinitely  permeable  base  is  used  to  model  a  “shadow-zone” ,  which  is  a  zone 
in  which  the  surface  applied  magnetic  field  vanishes.  Though  we  show  a  plane,  TEM  wave 
to  be  incident  onto  the  structure,  we  will,  in  fact,  assume  that  the  magnetic  field  is  given 
on  the  surface,  x  =  0. 

We  will  solve  this  problem  first  using  a  .frequency  domain  solution  that  will  be  inverted 
using  the  fast  Fourier  transform  (FFT)  algorithm,  and  then  we  will  use  a  one-dimensional 
version  of  our  finite  element  model. 


(a)  Frequency  Domain  (FFT)  Solution 


Let  E  =  Eaz,  H  =  H ay,  and  d/dy  =  d/dz  —  0;  then  the  frequency-domain  version 
of  Maxwell’s  equations  becomes 


dE 

—  —jufiaH 

dH  ,  _ 

— —  —jueoE  +  aE. 
dx 


(1) 


In  the  ith  region  (i  =  1,2,3)  of  the  sandwich  shown  in  Figure  4,  (1)  has  a  solution  of 
the  form 

*«(.)- A.*" +  *.-*•■ 

Ei(x)  =  Zi(Aieki*  - 

where  ki  =  j(cj7 fioco—  is  the  wavenumber  of  the  ith  region,  and  Z{  =  k</(ju>c o  + 

<Ti)  is  the  intrinsic  wave-impedance  of  the  ith  region.  A{  and  B,  are  constants  that  are  to 
be  determined,  in  the  usual  way,  by  forcing  continiuity  of  the  two  field  variables  at  each 
interface. 
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The  electric  field  within  the  *th  region  is  given  by  the  inverse  Fourier  transform  of 


The  results  that  are  to  be  shown  were  computed  from  (3)  using  the  FFT. 

For  example,  Figure  5  shows  the  results  for  the  electric  field  when  the  parameters  of 
Figure  4  are:  Xj  =  10  cm,  Xi  —  1  cm,  and  ac2  =  9  cm.  The  conductivity  of  the  walls  in  all 
the  examples  of  this  chapter  is  o'  =  1  x  107  S/m.  The  magnetic  field  at  x  =  0  is  taken  to 
be  a  unit  step  function. 

Curve  (a)  of  Figure  5  is  the  response  at  a:  =  0.005  cm,  i,e.,  in  the  middle  of  the  top 
wall,  whereas  (b)  is  the  response  in  the  middle  of  the  cavity,  and  (c)  is  the  response  in 
the  middle  of  the  bottom  wall.  The  effect  of  shielding  is  quite  clear,  The  overshoot  in 
the  electric  field  is  most  pronounced  near  the  step  function  input  magnetic  field,  whereas 
the  electric  field  in  the  bottom  layer  consists  of  lower  frequencies,  only.  This  is  what  one 
would  expect  for  diffusion  through  a  highly  conducting  medium. 

(b)  Implicit  Time  Domain  Integration 

Th  e  New  mark  algorithm  that  we  discussed  in  Section  III  was  applied  to  the  complete 
system,  (IT-3*?),  without  breaking  the  problem  into  sub-regions.  Being  an  implicit  scheme, 
we  had  systems  of  linear  equations  to  solve.  Since  this  wa;  a  one-dimensional  problem  the 
size  of  the  system  of  equations  was  not  large,  so  solving  this  system  of  equations  was  not 
an  issue  here. 

Using  a  —  0.25  and  5  =  0.5  (which  amounts  to  the  trapezoidal  rule)  in  the  Newmark 
algorithm  ,  we  solved  the  one -dimensional  system  of  equations.  The  scheme  was  very  stable, 
allowing  step  sizes  in  the  neighborhood  of  1  x  10”5  seconds. 

Using  this  algorithm,  we  repeated  the  same  problem  that  was  described  in  Subsection 
(a).  The  one-dimensional  mesh  had  twenty  elements,  and  At  —  1  x  10-6  seconds,  with  the 
total  time  interval  being  8 it  x  10“3  seconds,  as  before.  The  results  arc  shown  ia  Figure  6. 
Parts  (a),  (b),  and  (c)  of  the  figure  denote  nodal  solutions  that  correspond  to  the  same 
points  as  in  Figure  5.  The  good  agreement  with  the  FFT  results  of  Figure  5  gives  us 
confidence  in  applying  the  Newraark  implicit  algorithm  to  this  finite  element  problem. 

Three-Dimensional  Model 

(c)  Implicit  Time  Domain  Integration 

Once  we  had  a  clear  understanding  of  the  time  scales  and  solutions  to  the  simplified 
one-dimensional  problem,  we  were  ready  to  move  to  the  larger  three-dimensional  setting. 
Again,  the  equations  described  by  (11-32)  were  used.  Explicit  time  integration  was  not 


even  explored  for  the  three-dimensional  case;  only  the  Newmark  implicit  scheme  was  im¬ 
plemented. 

Preliminary  results  in  attacking  the  full  three-dimensional  problem,  including  the  wire, 
are  encouraging,  and  further  work  is  to  be  done  in  this  area,  and  will  be  reported  later. 

V.  COUPLING  TO  THE  EXTERNAL  REGION 

Equations  (11-19)  and  (11-32)  sho^  'hat  the  cavity  is  coupled  to  the  external  region 
through  the  tangential  magnetic  field,  Hence,  we  must  know  H*  at  the  external  surface 
of  the  cavity  walls  in  order  to  compute  the  internal  response.  We  will  attack  this  problem 
by  applying  an  electromagnetic  surface  integral  relation,  and  then  show  how  this  naturally 
yields  an  N-port  representation  of  the  coupled  interior  and  exterior  systems. 

This  approach  seems  to  be  preferable  to  using  a  finite  element  model  for  the  external 
region,  because  such  a  model  would  require  satisfying  a  boundary  condition  at  infinity, 
which  would  complicate  matters. 

(a)  The  Space-Time  Domain  Integral  Relation  for  the  External  Region 

Poggio  and  Miller  [6]  derive  an  electromagnetic  boundary-integral  relation  that  is 
satisfied  by  the  tangential  electric  and  magnetic  fields  on  the  surface,  S',  of  a  region  of 
space.  They  then  transform  the  relation  into  a  space-time  domain  equation: 


«•(*■*>  -  £ x  U^v11 + ^‘(r'-T)] x  HiS' 


eoE.(r'.T)  ,  a„f 


+ 


V'.-E.tr'.r) 

Zq 


)W, 


(1) 


where,  in  our  problem,  S*  denotes  the  principal-value  integral  over  the  surface  of  the  box, 
and 

_  _/  r.r 

(2) 


r  - 1' 


ap  = 


r  —  r 


/>  =  |r-r'|,  t  =  (  — |r  — r'|/c,  Zo  =  =  377  n- 


Poggio  and  Miller  [6],  and  Mittra  [7]  show  how  to  solve  (1)  by  means  of  a  time  stepping 
procedure,  after  discretizing  the  integrals  and  making  use  of  the  principal  value  concept. 
The  techniques  they  describe  can  then  form  the  basis  for  computing  the.  coupling  between 
the  internal  (i.e.,  the  walls  and  cavity)  and  external  regions  directly  in  the  time  domain. 
This  facilitates  coupling  the  integral  relation  to  the  time-domain  differential  equations  of 
the  finite  element  model. 


The  idea  is  described  in  the  next  section,  but  no  numerical  experiments  have  yet  been 
performed  to  validate  it. 


(b)  External  Coupling  via  N-Port  Theory 
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Equations  (11-19)  and  (11-32)  indicate  that  if  we  know  the  tangential  magnetic  field, 
Hi,  over  the  outer  surface  of  the  cavity’s  walls,  then  we  can  compute  the  global  electric  field 
vector,  e,  throughout  the  interior  system.  Jn  particular,  we  can  compute  the  tangential 
components  of  the  electric  field  over  the  outer  surface  of  the  walls.  Conversely,  (1)  shows 
that  once  we  know  the  tangential  electric  field,  Et,  over  the  surface  of  the  walls,  then  we 
can  compute  Hi.  Obviously,  therefore,  the  exterior  and  interior  systems  >.re  coupled  at 
their  common  surface. 

The  surface  cells  due  to  the  finite-element  grid  may  be  thought  of  as  ^kctrical  ports 
through  which  electric  power  flows.  If  there  sure  N  such  ports,  then  the  interior  system 
behaves  as  an  N-port  electric  network.  If  we  make  the  global  tangential  magnetic  field 
vector,  hi,  of  (11-19)  analogous  to  an  N-dimensional  electric  current  vector,  {in})  n  ~ 
1, . . . ,  iST,  and  make  the  tangential  components  of  the  global  electric  field  vector,  at  the 
surface  cells  of  the  grid,  analogous  to  an  N-dimensional  electric  voltage  vector,  {cn},  n  — 
1, . . . ,  N  t  then  the  interior  system  can  be  replaced  by  an  N-port  representation.  Here,  the 
current  and  voltage  vectors  are  the  port  voltages  and  currents.  Note  that  the  total  power 
delivered  to  the  structure  is  given  by  the  dot  product  of  the  port  voltage  and  current 
vectors,  just  as  in  the  actual  structure,  the  total  pov  ^r  is  given  by  the  dot  product  of  the 
tangential  electric  and  magnetic  field  vectors. 

An  electrical  N-port  can  be  characterized  by  either  its  impedance  matrix,  [Z,] ,  or 
admittance  matrix,  \Y,\.  These  matrices  are  reciprocals  of  each  other.  In  the  finite- 
element  model  of  (11-19)  and  (11-32),  the  tangential  magnetic  field  is  assumed  given,  from 
which  the  electric  field  is  computed.  Thus,  we  are  characterizing  the  structure  by  its 
impedance  matrix,  because  we  are  assuming  that  the  port  currents  (which  are  analogous 
to  the  tangential  magnetic  field)  are  known  and  that  the  port  voltages  (which  are  analogous 
to  the  tangential  electric  field)  are  to  be  computed. 

An  N-port  representation  can  also  be  made  for  the  exterior  system.  In  this  case, 
however,  we  would  characterize  the  exterior  system  by  its  radiation  admittance  matrix, 
[rr],  because  in  (1)  we  assume  that  the  tangential  electric  field,  E<,  is  given,  and  we  must 
solve  for  Hi 

In  order  to  obtain  an  N-port  representation  of  the  coupled  systems,  we  return  to  (l), 
which  we  rewrite  in  the  operator  form 

A(Hi)  =  2H(;)  +  £2(Ei).  (3) 

Upon  formally  solving  (3)  for  Hi,  we  get 

H,  =  E,).  (4) 


We  make  the  definitions  )  —  I0  and  -£j~1  *—  3V,  the  radiation  admittance 

operator.  As  before,  we  let  Hi  be  analogous  to  an  N-port  current  vector,  and  Ei  to  an 
N-port  voltage  vector,  so  that  (4.)  becomes  I,  —  lo  —  Ir.  The  coupled  N-port  representation 
of  this  equation  is  given  in  Figure  7. 
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Note  that  lo  is  the  surface  current  that  flows  on  a  perfect  conductor,  and  hay  been  dealt 
with  in  [6]  and  [7].  Hence,  Ir  is  the  excess  “radiation”  current  that  flows  if  the  structure 
is  not  a  perfect  conductor.  If  the  boundary  of  the  structure  is  a  perfect  conductor,  then 
[Yt]  short-circuits  [Yr] ,  and  Ir  —  0, 

The  algorithm  for  using  the  coupled  system  in  the  time-domain  is  as  follows:  initially, 
the  electric  field  is  zero,  so  that  Ir  =  0,  and  I,  =  Iq-  This  provides  the  initial  input  vector 
for  the  finite-element  equations. 

The  tangential  electric  field  at  the  surface  of  the  structure  is  computed  at  the  next 
time  step  by  solving  the  finite  element  equations,  (11-19)  or  (11-32),  and  this  field  is  then 
substituted  into  (4),  which  then  provides  an  update  to  H<,  which  corresponds  to  X,.  TL is 
provides  the  next  input  vector  for  the  finite  element  equations,  and  the  process  is  repeated. 

Clearly,  at  each  time  step  we  must  compute  a  solution  to  the  finite  element  equations 
and  to  the  time  dependent  boundary  integral  equation.  It  seems  likely  that  for  a  structure 
with  metallic  walls,  wc  can  use  the  simple  physical  optics  solution  that  is  described  xn  [6], 
For  walls  made  of  lower-conductivity  materials,  such  as  the  advanced  composite,  graphite- 
epoxy,  however,  it  may  be  necessary  to  compute  Ir  rigorously. 
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Figure  4.  A  one-dimensional  sandwich  that  models  the  cavity  and  walls  of  the  three- 
dimensional  system.  The  wire  is  absent  here. 
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Figure  6-  Implicit,  finite-element  solution  of  same  problem  as  in  Figure  7.  The  mesh 
has  20  elements,  and  At  =  1  x  1Q“6  seconds.  The  total  time  interval  is  the  same  a3  in 
Figure  7.  (a),  (b),  and  (c)  denote  nodal  solutions  that  correspond  to  the  same  points  as 
in  Figure  7. 
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Figure  7,  N-port  representation  of  coupled  (interior  and  exterior)  systems. 
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Abstract 


The  objective  of  this  paper  is  to  extend  Computational  Fluid  Dynamics  (CFD)  based 
upwind  schemes  to  numerically  solve  the  Maxwell  equations  for  scattering  from  objects 
with  layered  nonmetallic  sections.  The  paper  starts  v.ith  a  discussion  on  the  character  of 
the  Maxwell  equations  and  shows  that  they  represent  a  linearly  degenerate  set  of  hyperbolic 
equations.  To  show  the  feasibility  for  applying  CFD-based  algorithms,  first  the  transverse 
magnetic  (TM)  and  the  transverse  electric  (TE)  wave  forms  of  the  Maxwell  equations 
are  considered.  A  finite- volume  scheme  is  developed  with  appropriate  representations  for 
the  electric  and  magnetic  fluxes  at  a  cell  interface,  accounting  for  variations  in  material 
properties  in  both  space  and  time.  This  process  involves  a  characteristic  subpath  inte¬ 
gration  known  as  the  “Riemann  Solver.”  An  explicit  Lax-Wendroff  upwind  scheme  which 

1  c  cornn  nr/hirofA  in  knfV»  tt\o  on/1  i 

AW  WWVWMW  V*  UVA  \*vvtAAU>W  AAA  1/WV&4  guuvV  MMU  VAA-AAV  A 


_  rw»  nl  /\t  rn/1  r>/\kr, 

«o  vuipiujr^u  wv/  oc/i » ’ 


iViA,  r  1 1\  A  nn/1 
blAO  A  J.VA  UiAU  A  U 


equations.  A  nonreflecting  characteristic  based  far  field  condition  is  applied  at  the  outer 
computational  boundary  allowing  this  boundary  to  be  kept  just  a  few  wavelengths  from  the 
scattering  object.  A  body-fitted  coordinate  transformation  is  introduced  to  treat  arbitrary 
cross-sectioned  bodies  with  computational  grids  generated  using  an  elliptic  grid  solver  pro¬ 
cedure.  For  treatment  of  layered  media,  a  multizonal  representation  is  employed  satisfying 
appropriate  zonal  boundary  conditions  in  terras  of  fiux  conservation.  The  computational 
solution  extending  from  the  object  to  a  far  field  boundary  located  a  few  wavelengths  away 
constitutes  the  near  field  solution.  A  Green’s  function  based  near  field-to-far  field  transfor¬ 
mation  is  employed  to  obtain  the  bistatic  radar  cross  section  (RCS1  information.  Results 
-  '  / 

are  presented  for  a  number  of  two-dimensional  objects  with  layered  structures  for  both 
continuous  wave  (single  frequency-time  harmonic)  and  transient  (broadband  frequency 
response)  cases.  The  time-domain  solver  also  provides  a  unique  capability  for  including 
nonlinear  and  time-varying  material  properties. 


A.  Introduction 

The  radar  return  from  complex  structures  has  traditionally  been  calculated  by  one  of 
two  methods:  high-frequency  asymptotics,  which  treats  scattering  and  diffraction  as  local 
phenomena;  or  solution  of  an  integral  equation  for  radiating  sources  on  (or  inside)  the 
scattering  body,  which  couples  all  parts  of  the  body  through  multiple  scattering  processes. 
In  this  paper,  we  describe  a  third  alternative,  the  direct  integration  of  the  differential  form 
of  Maxwell’s  equations  in  time.  The  time-dependent  Maxwell’s  equations  have  been  ap¬ 
plied  in  other  areas  of  electromagnetics1 ,  moat  notably  to  determine  EMP  field  penetration 
into  shielded  cavities2  and  to  characterize  scattering  from  thin-wire  models  of  conducting 
bodies3. 
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The  time-domain  Maxwell’s  equations  represent  a  more  general  form  than  the  fre¬ 
quency-domain  Helmholtz  equations  which  are  usually  restricted  to  solving  scattering 
problems  having  time  harmonic  fields,  whereas  a  time  domain  approach  can  handle  con¬ 
tinuous  waves  (single  frequency,  harmonic)  as  well  as  a  single  pulse  (broadband  frequency) 
transient  response.  Frequency  domain  based  methods  usually  provide  the  RCS  response 
for  all  angles  of  incidence  at  a  single  frequency,  while  time-domain  based  methods  provide 
solutions  for  many  frequencies  from  a  single  transient  calculation.  Also,  in  a  time-domain 
approach  one  can  consider  time  varying  material  properties  for  treatment  of  active  sur¬ 
faces.  Using  spectral  methods,  the  time  domain  transient  solutions  can  be  processed  to 
provide  the  frequency  domain  response. 

In  the  present  work,  it  has  been  our  aim  to  accurately  predict  the  scattering  from 
bodies  that  include  regions  with  dielectric  and  magnetic  properties  significantly  different 
from  those  of  free  space.  Configurations  involving  coated  inlets,  composite  radar-absorbing 
airfoils,  and  multiple  layers  of  material  are  typical  of  many  modem  aircraft  and  missiles, 
and  their  scattering  properties  often  range  over  several  orders  of  magnitude  as  a  function 
of  incident  and  reflected  angles. 


There  are  many  ways  one  can  numerically  solve  the  time  domain  Maxwell’s  equations. 
The  approach  to  be  followed  in  this  paper  is  to  utilize  the  numerical  algorithms  that  have 
been  proven  most  successful  in  integrating  the  time-dependent  equations  of  fluid  dynamics, 
namely  the  Euler  and  the  Navier-Stokes  equations4-13.  Computational  algorithms  to  solve 
these  nonlinear  equations  of  fluid  dynamics  have  progressed  rapidly  over  the  last  20  years 
and  many  of  these  CFD  methods  are  directly  applicable  to  CEM  in  solving  Maxwell’s 
equations.  Some  of  the  attributes  of  CFD  methods  that  can  be  effectively  employed  to 
design  a  time-domain  differential  solver  for  Maxwell’s  equations  are  listed  here. 


1)  The  fluid  dynamic  equations  are  usually  cast  in  a  conservation  form  (to  be  described 
later)  conserving  mass,  momentum,  and  energy  fluxes,  thus  allowing  for  numerical 
capture  of  flow  discontinuities  such  as  shock  3  and  slip  surfaces.  The  Maxwell  equations 
also  can  be  cast  in  a  conservation  form.  In  this  particular  form,  they  are  naturally 
structured  for  numerical  simulation  of  scattering  from  objects  with  layered  media 
having  discontinuous  or  gradually  varying  material  properties. 

2)  Recent  development  of  hyperbolic  algorithms8-13  for  solving  the  time  domain  Euler 
equations  are  based  on  the  characteristic  theory  of  signal  propagation  and  are  referred 
to  as  the  “upwind”  schemes.  For  hyperbolic  equations,  the  upwind  based  schemes  can 
be  constructed  to  provide  the  right  amount  of  numerical  dissipation  to  achieve  both 
stability  and  accuracy  of  computation.  The  time  domain  Maxwell’s  equations,  which 
are  hyperbolic  in  character  (to  be  shown  later),  can  also  benefit  from  employing  such 
upwind  type  schemes. 


3)  For  treatment  of  complex  aerospace  configuration  geometries,  CFD  methods  usu¬ 
ally  employ  a  body-fitted  coordinate  system  for  easy  implementation  of  boundary 
conditions.  Concepts  such  as  numerical  grid  generation  for  a  body-fitted  system, 
multizoning14,  adaptive  gridding,  etc.,  are  well  suited  for  CEM,  especially  when  the 
scatterer  is  an  aerodynamic  object  for  which  the  CFD  methods  are  applied.  However, 
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the  gridding  requirements  for  a  desired  field  resolution  may  be  different  for  CEM 
applications  (frequency  dependent)  from  that  of  CFD  needs.  Also,  CEM  problems 
may  involve  internal/external  layered  structures,  requiring  more  involved  multizone 
gridding  procedures. 

4)  There  are  several  proven  discretizable  procedures  in  use  in  CFD  for  solving  the  nonlin¬ 
ear  fluid  dynamic  equations.  Many  discretization  concepts  such  as  finite-difference, 
finite-volume,  and  finite  element  schemes4-12,  implicit  and  explicit  time  stepping 
procedures14,  relaxation  and  approximate  factorization  techniques4,  etc.,  are  equally 
applicable  to  solving  the  Maxwell  equations. 

In  general,  many  ideas  are  in  common  between  CEM  and  CFD.  This  is  schematically 
illustrated  in  Fig.  1.  Even  the  pre-  and  post-processing  graphics  packages  developed  for 
CFD  solutions  satisfy  the  needs  of  CEM.  Thus,  our  approach  is  to  utilize  the  numerical 
algorithms  that  have  proven  most  successful  in  integrating  the  time-dependent  equations 
of  fluid  dynamics  to  solve  Maxwell’s  equations. 


commonality 

•  BODY-FITTED  GRID 

•  MULTIZONE 

•  CHARACTERISTIC  UPWIND  SCHEMES 

•  HYPERBOLIC  EQUATIONS  IN  CONSERVATION  FORM 


Fig.  1.  Commonality  between  CEM  and  CFD. 


B.  Equations  in  Conservation  Form 

As  mentioned  in  the  Introduction  above,  many  problems  in  mathematical  physics 
are  governed  by  an  appropriate  set  of  partial  differential  equations.  The  Navier-Stokes 
equations  in  fluid  dynamics  and  the  Maxwell  equations  in  electromagnetics  are  two  specific 
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PHYSICAL 


Fig.  2.  Schematic  of  a  body-fitted  system. 

examples.  In  general,  many  equations  in  mathematical  physics  naturally  lend  themselves 
to  a  conservation  form  representation  given  by 

Qt  +  Ex+F,  +  G,  =--S  (1) 

where  the  solution  vector  Q,  the  source  5,  and  the  flux  vectors  F,  F,  and  G  take  on  different 
forms  depending  on  the  physical  problem  being  modeled.  In  Eq.  (1),  the  subscripts  t,  x, 
y,  and  z  denote  partial  derivatives.  Implementation  of  Eq.  (1)  in  many  realistic  problems 
requires  a  coordinate  transformation  to  properly  represent  the  physical  domain  of  interest 
and  to  aid  in  the  boundary  condition  treatment. 

Under  the  transformation  of  coordinates  implied  by 

r  ~  t ,  £  -  xy  y,z),r}  •■=  r;(t,  x,  y,  z) ,  (  =  C(*>  V,  *)  > 

Eq.  (1)  can  be  recast  in  the  conservation  form  given  by 

Xjr  +  Ef\-~F, ,  +  G<;  ~  S  ,  (2) 

where  Q  -  I  -  (Q(t  +  E£x  F( y  4-  Gf*) /J,  F  —  (Qr)t  +  Er)x  -!•  Frjv  4-  Gr/* )  /J , 
G  ~  (QCt  4-F(*  +  E(y  +C!C*)/^i  and  3>  =  ^  wber®>  in  turn,  J  is  tbe  Jacobian  of  the 
transformation 

J  -  d{C,ri,0/d(xyy,z)  . 

Figure  2  schematically  illustrates  a  body-fitted  system  in  two  dimensions. 
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Associating  the  subscripts  j,k}£  with  the  ^rj,(  directions,  a  numerical  approximation 
to  Eq.  (2)  may  be  expressed  in  the  semi-discrete  conservation  law  form  given  by 

(§;,m)  r  +  (E)+i/2, k,t  - 

+  (*>,*+1/2,*  ~  *>,*-1/2,*)  (3) 

A  \ 

Gj,k,t+ 1/2  ~  1/2 J  =  Sj'k,t 

where  E,F,G  are  numerical  or  representative  fiuxes  at  the  bounding  sides  of  the  cell  for 
which  discrete  conservation  is  considered,  and  Qj,k,i  is  the  representative  conserved  quan¬ 
tity  (the  numerical  approximation  to  Q)  considered  conveniently  to  be  the  centroidal  value. 
The  half-integer  subscripts  denote  cell  sides  and  the  integer  subscripts  the  cell  itself  or  its 
centroid.  Figure  3  illustrates  the  nomenclature  associated  with  a  finite-volume  cell.  The 
concept  of  upwinding,  to  be  described  subsequently  in  the  paper,  will  be  employed  in  the 
evaluation  of  fiuxes  at  interfaces. 


•  j±  ’/*,  k  ±Vi,  i± 'A  ARE  CELL  FACES  WHERE  FLUXES 
E,  F  AND  G  ARE  EVALUATED 

•  j.M  IS  CELL  CENTROID  WHERE  Q  IS  DEFINED 
Fig.  3.  Nomenclature  associated  with  a  finite-volume  cell. 


The  objective  is  to  solve  Eq.  (3)  for  the  dependent  vector  Q.  After  incorporation  of 
proper  flux  represent ation,  tue  discrete  form  of  Eq.  (3)  can  be  written  as 


R(Q)  =  0  . 


(4) 
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If  Q  is  known  to  lie  in  the  neighborhood  of  a  given  state,  denoted  by  Q*,  then  the  solution 
to  Eq,  (4)  can  be  written  to  first  order  in  Q  —  Q*  as 

=  ,  (5) 

where  |4,  in  general,  is  a  differential  operator.  Many  numerical  algorithmic  issues  such 
as  implicit  methods,  explicit  methods,  relaxation  schemes,  and  approximate  factorization 
procedures,  etc.,  come  into  play  in  the  modeling  of  the  differential  operator  |||.  Issues 
such  as  higher  order  accuracy,  efficiency,  proper  upwinding,  treatment  of  discontinuities, 
etc,,  come  into  as  well  as  in  the  modeling  of  the  right  hand  side  R(Q*). 

The  objective  of  this  paper  is  to  apply  CFD-based  finite-volume  numerical  meth 
ods  developed  for  solving  many  nonlinear  gasdynamic  equations4-14  to  solve  the  time- 
dependent  Maxwell’s  equations  for  electromagnetic  scattering  problems  involving  layered 
material  media. 


C.  Maxwell’s  Equations 

Analysis  of  electromagnetic  scattering  from  permeable  (dielectric  and  lossy  media) 
and  impermeable  (metallic)  objects  is  of  interest  in  being  able  to  predict  the  radar  cross 
section  (RCS)  of  low  observable  aerospace  configurations.  The  equations  that  govern  the 
interaction  between  the  electric  and  magnetic  fields  are  the  Maxwell  equations.  These 
equations  in  their  vector  form  are 


a b 

dt 


-V  x  € 


(6) 


and 


dD 

o  < 

<Jl 


=  V xH-J 


The  vector  quantities  £  =  (£*,  £t,  £z)  and  H  —  (/Hx,'Hy*'Hz)  are  the  electric  and  magnetic 
field  intensities,  D  —  (Dx,D9,Dt)  is  the  electric  displacement,  B  =  ( Bz,By,B ,)  is  the 
magnetic  induction,  and  J  =  (Jx,  Jy,  Jr)  is  the  current  density.  The  subscripts  x,y,z  in 
the  vector  representation  of  £,  7i,  B  and  D  refer  to  components  in  respective  directions. 


In  order  to  apply  CFD-based  conservation-law  form  finite-volume  methods,  Eq.  (6) 
is  rewritten  in  the  form  of  Eq.  (1),  For  isotropic  materials,  the  solution  vector  Q ,  and  the 
flux  vectors  E,  F,  and  G  are  given  by 


0 

Dzh 

-Dy/e  1 

0  ' 

By 

-D,/e 

0 

Dxh 

0 

Bz 

Dx 

*  ;  E  =  < 

d,i* 

0 

-Dz/i 

-Bjfi 

0 

By /ft 

0 

~Jz 

Dy 

Bz/» 

0 

~Brhi 

~Jy 

>  Dz  - 

-Byh*-  . 

.  Br/fi  , 

\  0  , 

k  ~~Jz  * 
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The  permittivity  coefficient  e  and  the  permeability  coefficient  p  are  the  material  properties 
and  satisfy  the  following  relationship,  D  =  e£,  B  =  (iH.  The  current  density  J  is  usually 
represented  by  cr£,  where  a  is  the  material  electrical  conductivity.  The  objective  is  to  solve 
Eq.  (7)  to  predict  the  electromagnetic  scattering  from  objects  with  layered  structure  for  a 
given  incident  field  (continuous  wave  or  a  pulse).  From  the  time  variation  of  the  scattered 
field,  the  radar  cross  section  of  the  scatterer  can  be  obtained. 


D.  Characteristic  Theory  for  Maxwell’s  Equations 

The  application  of  a  finite-volume  procedure,  Eq.  (3),  for  the  Maxwell  equations, 

/V  i«N  /V 

Eq.  (7),  requires  the  evaluation  of  the  various  fluxes  E,  F,  and  G  at  cell  interfaces  from 
the  solution  vector  Q  known  at  cell  centroids.  There  are  many  ways  one  can  represent  these 
fluxes  depending  on  the  choice  of  numerical  algorithms,  such  as  central  difference  schemes 
and  upwind  schemes.  The  choice  and  construction  of  a  numerical  algorithm  involves  many 
issues,  such  as  accuracy,  efficiency,  numerical  stability,  storage  requirements,  and  treatment 
of  discontinuities  in  the  solution  field  (shocks  in  fluid  dynamics,  discontinuous  material 
properties  in  electromagnetics),  etc.  In  CFD,  upwind  based  methods  that  take  into  account 
the  theory  of  characteristic  signal  propagation  are  widely  in  use.  References  8  -13  provide 
some  of  the  background  information  on  upwind  based  schemes.  The  objective  of  the  present 
work  is  to  adapt  the  upwind  based  algorithms  of  CFD  to  solve  the  Maxwell  equations. 

First,  the  character  of  the  Maxwell  equations  is  analyzed  to  aid  in  the  development 
of  a  proper  upwind  scheme  for  electromagnetic  flux  representation.  This  section  provides 
the  characteristic  theory  framework  for  the  one-dimensional  Maxwell's  equations. 

Considering  the  following  conservation  form  (1-D  form  of  Eq.  (7)), 


dQ  ^  dE(Q) 

~dt  +  ~d~  =  5 


and  the  material  properties  e  and  p  are  represented  by  t  —  £  and  m  —  £•. 


(8) 


The  character  of  Eq.  (8)  is  described  by  the  eigenvalues  and  the  eigenvectors  of  the 
Jacobian  of  E  given  by  A  =  The  eigenvalues  of  A  are  first  obtained  by  solving 
\A-XI\=d. 

0  — m  0  -B 

~t  0  -D  0 

0  0  0  0 

0  0  0  0 


,  dE 

a  =  oq~ 


(») 


The  eigenvalues  of  A  are  A*  =  —y/me  =  — c,  Aj  =  0,  A3  =  0,  and  A4  =  c.  The  quantity  c 
represents  the  speed  of  light.  Since  the  eigenvalues  of  A  are  real,  Eq.  (8)  is  hyperbolic. 


Now,  we  construct  the  numerical  flux  representation  at  a  cell  interface.  Referring  to 
Fig.  4  and  Eq.  (3),  the  finite- volume  treatment  requires  the  evaluation  of  E  at  cell  faces 
j  4- 1/2  and  j  —  1/2,  while  solving  for  Q  at  the  cell  centroid  j.  In  order  to  define  E  at 
j  +  1/2,  first,  we  define  a  piecewise  smooth,  continuous  path  in  phase  space,  connecting 
Qj  to  Qj+ij  made  up  of  four  subpaths  (equalling  the  number  of  eigenvalues  for  the  1-D 
Maxwell’s  equations).  Along  subpath  k,  the  variation  of  Q  is  given  by1” 

^  =  r»(ew)  (10) 

where  rk  is  the  kth  eigenvector  corresponding  to  the  kth  eigenvalue  obtained  by  solving 
(A-\kl)rk  =  0. 


CHARACTERISTIC  SUBPATHS 
IN  PHASE  SPACE 


Fig.  4.  Numerical  flux  representation  ut  a  cell  interface. 


Referring  to  Fig.  4,  Eq.  (10)  defines  the  solution  vector  Q  at  the  end  of  each  charac¬ 
teristic  subpath  marked  by  1,  2,  end  3.  Starting  from  the  left  state  Qi  ~  Qj,  across  the 
negative  characteristics,  the  solution  vector  reaches  Qi ,  then  becomes  Qt  and  Qz  across 
zero  eigenvalue  fields,  and  finally  reaches  the  right  state  Qn  —  Qj+j  across  the  positive 
characteristics. 

Performing  the  integration  of  Eq.  (10)  for  each  characteristic  subpath,  the  interface 


V^a-,  *xrw-k,h  u  -  4,11V  -wit* "■HEtKj'i-.j'AiMtitr  . 


electric  and  magnetic  fields  are  given  by 


{Dc)j+ 1/2  =  (Die,)  - 


„  (uimi)  _  (cj-n-9j-fi  4-  -Pj-i-iej-n)  4-  ( CjBj  --  Djtj) 


(SL  4  £jJ±.) 
\  mi  ml  +  iJ 


(cjDj  -  BjTUj)  j-  (cj+1Dj+ 1  4-  Bj+imj+1) 


(11) 


(sl  j. 

V*i  tj+'J 


Use  of  the  characteristic  subpath  integration  approach  has  resulted  in  interface  fiux  rep¬ 
resentation  which  properly  accounts  for  the  variations  in  material  properties  e  and  p  from 
one  cell  (j)  to  the  neighboring  cell  (j  + 1).  Also,  the  flux  forms  of  Eq.  (11)  guarantees  that 
the  flux  fields  will  remain  smooth  and  continuous  across  the  interface,  independent  of  the 
level  of  discontinuity  in  the  material  property  at  a  cell  interface. 


E.  Transverse  Magnetic  (TM)  and  Transverse  Electric  (TE)  Wave  Formulation 

The  Maxwell  equations  in  three  dimensions  involve  three  components  of  the  magnetic 
field  (Hr,  Hv,  and  Ht)  and  three  components  of  the  electric  field  (Ez,  Ev,  and  Ez),  which 
are  coupled.  In  two  dimensions,  Maxwell’s  equations  can  be  decoupled  into  a  transverse 
magnetic  (TM)  wave  and  a  transverse  electric  (TE)  wave-  The  TM  wave  contains  only  Ex, 

tv  >1  tt  r>  i  i  i  ii  mn  j  4  i  tr  n  in  r  i  t  n  i  m 

nX)  ajia  nv  ncias,  aim  me  xcj  wave  conutuiib  uiuy  uz,  anu  £jy  iicius.  rui  aigormuii 
development,  the  two-dimensional  Maxwell’s  equations  in  terms  of  the  TM  and  TE  wave 
framework  offer  a  simplified  set  of  equations  without  any  lose  of  physics  of  electromagnetic 
interaction  including  material  properties. 

The  TM  and  TE  equations  can  be  written  in  a  unified  form  following  Eq.  (7).  It  takes 
the  form 

Q,+Et+F9  =  S  (12) 


where  Q  is  a  three  element  (Qi,Q2,Q3)  solution  vector,  and  E  and  F  arc  three  element 
flux  vectors,  and  5  is  a  source  vector  containing  electric  currents. 


TM  Wave 


Q 1 

El  —  —Qzm 

Fi  =  Q2rn 

Sy  -■  -aQjt  I 

Q2 

=  Br 

E2~0 

F2  —  Q\f 

52-0  } 

(13) 

<?3 

=  By 

Ez  —  -Qir- 

0 

It 

eC 

Sz  —  0  J 

Qi  - 

■Bz 

Ei  —  —Qzt 

Ei  =  Q2t 

Si  —  0  ] 

Q*~ 

-Dt 

E2  =0 

F2  —  Qitn 

S2  —  —cQ2c  . 

1 

(14) 

<h~ 

~Dy 

Ez  =  -Q\m 

$ 

II 

0 

Sz  =  - cQzc  J 

Under  a  body-fitted  coordinate  transformation,  Eq.  (13)  takes  the  form  (see  Eq.  (2)) 

Qi  =  Ei  =  —m{Q2xri  4-  QiVr,)  F\  =  ni{Q2x^  4-  QzVi)  ~5 i  ~ 

9.2~  T  ?2  ~  -  eQixt  £2  =  -sf  ■  (is) 

Qz  —  Ez  —  —eQiyn  ~Fz  ~  zQiVi  S3  = 
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The  TE  equations,  Eq.  (14),  take  on  similar  forms. 

It  can  be  verified  that  the  fluxes  E\  and  F\  take  on  the  form  of  surface  currents  nxH 
or  n  x  £,  depending  on  whether  Eq.  (12)  is  TM  or  TE. 

The  characteristics  of  Eq.  (12)  are  analyzed  by  considering  the  Jacobian  =  A  and 


8Q 


A=t 


0 

m£y 

0 

mt)y 

-mi)! 

0 

0 

,  B  = 

ei]y 

0 

0 

0 

0 

-tr\K 

0 

0 

(16) 


The  eigenvalues  of  A  and  B  are  given  by 


=  -Cyja  +  Q  A 

A?=iL_  AB  =2 _ 

A3  =  cV£'+f»  Ag . 


(17) 


Any  finite-volume  based  scheme  will  require  the  evaluation  of  the  flux  vector  E  (re¬ 
ferring  to  Fig.  5)  at  the  k  -f  1/2  cell  interface  and  F  at  the  j  -f  1/2  interface.  Using  the 
characteristic  subpath  integration  procedure  in  the  (£,  r)  plane  ixt  k-f  1/2  and  in  the  (r/,  r) 
plane  at  j  +  1/2,  the  following  interface  relationships  are  obtained. 

At  (fc-f  1/2),  the  left  state  material  properties  correspond  to  cell  k  (e/y  s=  e*  ,mL  =  m*) 
and  the  right  state  corresponds  to  the  ( k  +  1)  cell  (cn  —  ejt+i, rn*  ~  m*+i).  Also,  vector 
Ql  =  Qk  and  QR  =  (?h  i- 


(«<?>) 


k+l/'i 


(IS) 

(19) 


{(c^i)L  -  (QiQ3m)L /ak+ 1/2}  -I-  {(cQi)*  +  (Q2<33m)H/a*4l/2} 

(Q2Q3m)k+1/2  ~  °L  (3!  ~  Q\)  ak+ 1/2  +  (QtQ*™)1 
In  Eqs.  (18)  and  (19),  a  =  yJ*%  +  Vv  Q*Qi  ~  {Ql**  +  Q»Vg)- 
At  (j  +  1/2), 

|('!Qx)L  +  {Q%Q*™)L ft j+i/z}  +  -  (QiQsm)  /&;+i/2} 

J*1  w  “  «)*  +  (  i)R 

(Q2Q3^»)  =  -Cl{Q\  ~  Qi)bj+ 1/2  +  {QlQt™) 

_  _  (20) 

where  Q?Qi  =  {Qixc  +  Qs Vs)  arid  b  —  ,/i)  +  y|.  The  superscripts  L  end  R  refer  to  left 

and  right  states  at  (j  + 1/2),  denoted  in  Fig.  6.  The  quantities  (Q^Qzrn/ u)  and  ((?2Q3>ti  /*) 
represent  n  x  ?l  for  the  TM  case  and  n  x  £  for  the  TE  case. 
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.  -I? -■  " 


A  »v.w-  r ?,  -r-f^rx  - 


*  F  FLUX  AT  (j  ±  ft)  FACES  (BASED  ON  B) 
Q  E  FLUX  AT  (k±  V,)  FACES  (BASED  ON  A) 


L  R 

CHARACTERISTIC  SUBPATHS 
AT  AN  INTERFACE 


Fig.  5.  Characteristics  for  a  two-dimensional  finite-volume  cell. 


F.  Boundary  Conditions 

Perfectly  Conducting  Scattering  Surface 

-  ..--i _ -g—  ■  -.■■■.  -  ~  ~  ..w  ^ 

For  a  perfectly  conducting  scatterer  the  boundary  condition  on  the  surface  is 

n  x  £t  =  0  (21) 

where  E1  is  the  total  electric  field  vector  and  n  is  the  surface  outward  normal.  For 
the  TM  case,  the  boundary  condition  Eq.  (21)  becomes  £j  —  0,  and  for  the  TE  case, 

+  Vltf  -  o. 

Nonperfcctly  Conducting,  Isotropic  Scatterer 

Let  El ,  H7l  be  the  total  field  quantities  on  the  left  side  of  the  interface,  and  £ J,  H1^ 
on  the  right  side.  The  boundary  conditions  at  the  interface  then  become  (see  Fig.  6) 

nx(£l-£l)=Q  ,  n  x  (Hi  ~  H7h)  =  0  .  (22) 
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n  x  (Ej-Ej*)  =  0 
n  x  (H^-Hr)  «=  0 


p^BODYM 


MATERIAL 

INTERFACE 


l?  lg.  o.  bounuary  conditions  at  a  nonperzecuy  conducting  interlace. 

The  interface  flux  representations  given  by  Eq.  (18)  and  Eq.  (20)  strictly  satisfy  the 
boundary  conditions  given  by  Eq.  (22).  The  boundary  conditions  at  a  nonperfectly  con¬ 
ducting  material  interface  are  also  termed  as  “flux  through”  boundary  conditions. 

The  key  advantage  of  a  finite-volume  procedure,  Eq.  (3),  employing  interface  flux 
representations,  Eqs.  (18)  and  (20),  arrived  at  through  use  of  proper  physical  theory  of 
characteristic  signal  propagation  is  that  no  special  boundary  condition  treatment  is  re- 
nnired  t.o  enforce  conditions  criven  bv  Ea.  (22).  However,  at  a  oerfectlv  conducting  surface. 

"1  - - -  u  *  *  \  /  *  »  *  ^ 

the  boundary  conditions  n  x  E  ~Q  have  to  be  explicitly  satisfied  through  an  appropriate 
procedure. 

Besides  the  boundary  conditions  at  the  scatterer  surface,  one  needs  to  model  the 
boundary  condition  at  the  outer  boundary  representing  the  far  field  in  the  computational 
setup.  The  computational  domain  terminates  at  some  finite  distance  from  the  scatterer 
and  the  domain  is  usually  referred  to  as  “near  field”.  The  proper  boundary  condition  at 
the  outer  boundary  is  that  the  scattered  waves  smoothly  leave  the  domain  without  any 
reflections  from  the  artificial  outer  boundary.  Characteristic  theory  principles  axe  employed 
to  satisfy  the  various  boundary  conditions.  Details  will  be  given  in  a  follow-up  paper. 

G.  Lax-Wendroff  Explicit  Scheme 


A  A  rite-volume  procedure  applied  to  Eq.  (2)  is  given  by  Eq.  (3).  If  (n  +  1)  is  the 
current  time  level  in  which  Eq.  (3)  is  satisfied,  an  implicit  scheme  would  treat  all  the  flux 
terms  at  the  current  level  and  then  employ  some  form  of  a  flux  linearization  procedure 
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to  solve  for  Q  implicitly10-12.  The  main  advantage  of  such  implicit  techniques  in  CFD  is 
that  they  allow  for  large  time  steps  to  be  taken  in  modeling  the  Qr  term  while  maintaining 
numerical  stability.  However,  the  problem  of  electromagnetic  scattering  deals  with  Q  and 
flux  fields  that  are  highly  oscillatory  both  in  time  and  space.  Implicit  schemes  that  preserve 
the  incident  and  scattered  wave  profiles  without  any  numerical  distortion  for  large  A r  are 
yet  to  be  developed.  In  view  of  this,  explicit  type  schemes  that  operate  with  stability 
bounds  for  A r  governed  by  spatial  resolution  (volume  of  a  finite-volume  cell),  are  more 
attractive.  The  disadvantage  is  that  when  clustered  meshes  are  used  in  regions  of  sharp 
edges  and  so  on,  they  may  restrict  the  allowable  At  to  veiy  small  values  requiring  a 
large  number  of  time  steps  to  establish  the  solution.  Some  of  the  criteria  in  the  selection 
or  construction  of  an  explicit  scheme  are  1)  spatial  and  temporal  accuracy,  2)  allowable 
At,  usually  known  as  the  Courant-Friedrichs-Lewy  (CFL)  condition14’16’17,  3)  storage 
requirements,  and  4)  vectorizability  of  the  algorithm. 

One  of  the  explicit  schemes  widely  in  use  is  the  Lax-Wendroff  upwind  scheme16. 
Applied  to  an  equation  of  the  form 


Qr  +  Ft)  =  0  , 

the  Lax-Wendroff  two-step  scheme  (predictor-corrector)  is  given  by 


(23) 


A  iWivm 


<r+1  =  C“  -  At  (f*  1/2  -  f?_1/2) 


(24) 


Corrector 

c"+1  =  \  {<?”  +  <f* - a  -  f;%)} 


2 
At 


[{(•tf’)+-1/2  -  Wj-y,}  -  {(‘tf’)-+1/2  -mj+1/2}]" 


(25) 


The  predictor  step,  Eq  (24),  is  only  first  order  accurate  in  time  and  space.  The  corrector 
step  makes  the  scheme  second  order  accurate  in  time  and  space.  The  addition  of  the 
square  bracketed  term  in  Eq.  (25),  evaluated  at  the  nth  level,  makes  the  scheme  second 
order  accurate  spatially,  while  the  predictor/corrector  two  step  procedure  provides  second 
order  time  accuracy. 


Referring  to  Fig.  4, 


2  —  1/2  ” 


(26) 


where  superscripts  R  and  L  refer  to  right  and  left  states  at  an  interface,  and  F  refers  to 
flux  at  an  interface.  In  the  present  method, 


FjLi/2  “  FiQh  metrics  at  j  —  1/2) 


1/2  =  F  (Q}+1’  metrics  at  j  +  1/2) 


(27) 
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The  Lax-WendrofF  scheme  being  explicit,  the  allowable  At  for  maintaining  numerical 
stability  is  bounded  by  the  CFL  condition  given  by 

Am«^<2  ,  (28) 

where  Amtx  is  the  maximum  eigenvalue  of  the  Jacobian.  ( dF/dQ ).  The  condition  given  by 
Eq.  (28)  is  for  the  one-dimensional  equation,  Eq.  (23).  In  multidimensions,  the  value  of 
Amax  can  be  taken  to  be  the  sum  of  A,  in  all  directions  (AmM  =  max(jA{|  +  |A^|  +  |A^|)). 
The  maximum  eigenvalue  usually  occurs  at  a  cell  that  has  the  least  volume. 


H.  Near  Field-to-Far  Field  Transformation 


The  finite-volume  procedure  of  this  paper  which  solves  the  time-dependent  Maxwell’s 
equations  is  applied  in  a  computational  domain  that  extends  from  the  scatterer  to  some 
finite  distance  away,  where  it  is  terminated  by  an  outer  boundary  at  which  nonreflecting 
boundary  conditions  are  imposed.  The  distance  of  the  outer  boundary  of  the  computational 
domain  is  controlled  by  the  body  size  and  the  wavelength  of  the  incident  wave,  and  should 
be  sufficiently  far  away  (several  wavelengths)  where  the  numerical  implementation  of  the 
nonreflecting  boundary  conditions  holds.  Even  when  the  computational  domain  extends 
to  several  wavelengths  from  the  scatterer,  it  still  represents  only  the  near  field  solution. 
However,  the  bistatic  radar  cross  section  (RCS)  computation  is  based  on  the  intensity 
of  the  scattered  wave  at  distances  asymptotically  approaching  infinity,  which  means  the 
RCS  response  represents  the  far  field  solution.  Using  a  Green’s  function  based  asymptotic 
approach,  the  far  field  representation  of  the  scattered  wave  is  obtained  from  the  near  field 
computational  solution. 


In  general,  the  RCS  response  is  desired  in  the  frequency  domain  whereas  the  com¬ 
putational  solution  of  this  paper  is  in  the  time  domain.  Of  course,  the  advantage  of  the 
time  domain  approach  is  that  it  can  accommodate  both  continuous  wave  (single  frequency, 

ninrrla  tMiloA  /  mu  If  i  r\1  a  ^rAni  t  An  /’•if  Kmnr11\nr»ifl  \  lT.rirl  on  f  Q  VlAt*  flip 
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incident  wave  is  a  continuous  harmonic  wave  or  a  single  pulse,  the  time  domain  results  of 
electric  and  magnetic  scattered  waves  are  processed  using  a  spectral  technique  to  obtain 
their  response  in  the  frequency  domain.  Once  the  near  field  response  is  known  in  the  fre¬ 
quency  domain,  the  bistatic  RCS  response  in  the  far  field  is  computed.  For  a  continuous 
wave  representing  a  single  frequency,  the  spectral  analysis  will  provide  the  response  at  that 
given  frequency,  whereas  for  a  pulse  case  containing  many  frequencies,  the  spectral  analysis 
allows  one  to  compute  the  RCS  response  for  all  frequencies  comamed  in  the  incident  pulse 
from  a  single  time  domain  transient  calculation. 


I.  Numerical  Gridding  —  Body-Fitted  System 

As  mentioned  in  Section  B,  the  Cartesian  form  of  the  Maxwell  equations  are  trans¬ 
formed  into  a  body-fitted  coordinate  system  to  allow  easy  implementation  of  various 
boundary  conditions  described  in  Section  F.  Only  the  independent  variables  x,  y,  and 
z  are  transformed  to  £,  r),  and  C  an d  the  dependent  variables  (Q  vector  in  Eqs.  (1)  and  (7)) 
are  left  in  their  Car  tesian  form. 
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There  are  two  steps  involved  in  setting  up  a  body-fitted  coordinate  system:  1)  Defi¬ 
nition  of  the  geometry,  and  2)  Construction  of  the  field  grid  points.  As  shown  in  Fig.  2, 
the  objective  is  to  set  up  the  grid  in  the  domain  bounded  by  the  body  surface  (1-2-3) 
on  one  side  and  the  outer  boundary  (4-5-6)  on  the  other.  A  cut  in  the  domain,  1-6  and 

3- 4,  is  created  to  form  a  four  sided  computational  domain  in  two  dimensions.  In  three 

dimensions,  the  computational  domain  will  consist  of  six  boundary  surfaces.  Given  the 
grid  point  distribution  on  the  computational  boundaries  (1-2-3  for  3-4  for  £max, 

4- 5-6  for  rj max,  and  6-1  for  £mj„),  the  interior  grid  can  be  constructed  in  many  ways18, 
both  analytical  and  numerical.  The  technique  followed  in  this  paper  is  based  on  an  elliptic 
grid  solver  approach19,20  in  which  a  set  of  elliptic  Poisson’s  equations  is  solved  numerically 
to  generate  the  grid  in  physical  space. 


-  20**,  +  7 *nn  =  ~J2 (p*t  +  g*,)  ^ 

<*y«  -  2/?y*„  +  7 y„  =  -J2(pyt  +  qyn) 

where  a  =  s2  +  y2,  0  =  +  y*y,,  and  7  =  **  +  y|.  The  right  hand  side  p  ~  p(£,  r?)  and 

q  =  g(£j  7)  are  the  forcing  terms  designed  to  satisfy  desired  constraints  imposed  on  the 
nature  of  the  grid,  such  as  specified  grid  spacings  near  boundaries  and  grid  intersection 
angles.  J  appearing  in  Eq.  (29)  is  the  Jacobian  of  the  transformation.  Details  on  the 
construction  of  p  and  q  forcing  terms  are  given  in  Ref  19.  The  objective  here  is  to  solve 
Eq.  (29)  to  obtain  the  (x,  y)  values  of  a  grid  in  the  physical  space  corresponding  to  a  given 
(£,  17)  point  in  the  computational  domain. 

In  a  multizone  approach  where  each  structure  of  the  scatterer  is  gridded  separately, 
the  elliptic  grid  solver  given  by  Eq.  (29)  will  be  applied  in  each  zone. 

J.  Results 

Results  are  presented  for  both  TM  and  TE  two-dimensional  cases.  In  a  time  domain 
fornruiatioii,  thr  incident  wave  can  be  either  continuous  (utuiiiunic,  single  frequency)  or  a 
single  pulse  (Gaussian,  square,  etc,).  Of  course,  for  computation  of  a  single  pulse  transient 
response,  the  time  domain  solver  has  to  be  time  accurate,  and  in  the  present  formulation, 
the  Lax-Wendroff  explicit  scheme  is  second  order  accurate  both  in  time  and  space. 

For  accuracy,  the  number  of  grid  points  on  the  scatterer  to  adequately  resolve  a 
wavelength  of  information  is  taken  to  be  of  the  order  of  8  to  15.  This  means,  for  large 
bodies  (high  frequency),  the  total  number  of  surface  grid  points  to  properly  resolve  the 
electric  and  magnetic  field  distribution  can  be  excessive.  However,  the  present  formulation 
is  highly  vectorizable  and  can  run  efficiently  on  a  supercomputer.  If  the  incident  wave  is 
a  single  pulse  containing  many  frequencies,  the  number  of  grid  points  on  the  scattering 
surface  must  be  sufficient  to  resolve  the  highest  frequency  content  of  the  pulse. 

A  continuous  incident  wave  is  represented  by  (for  the  TM  case) 

E\  =  Eq  cos  k(x  cos 6  +  y  sin#  ~  Cot),  k  —  27r/Ao  .  (30) 
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The  forms  for  H'x  and  H'y  are  automatically  obtained  from  Maxwell’s  equation  since  the 
incident  fields  satisfy  Maxwell’s  equations  in  free  space. 


H'x  =  E'zsin6/  (hqcq) 
H'v  =  -El  cos#/  (hqcq) 


where  8  is  the  incident  angle.  Quantities  no,  Co  =  1/i/moCo  represent  free  space  values 
usually  normalized  to  1  (cq  =  /i<>  =  Co  =  1). 

A  Gaussian  type  incident  pulse  is  represented  by 


> 


(32) 


where  the  parameter  a  controls  the  width  of  the  Gaussian. 
TM  Cases 


Perfectly  Conducting  Body  in  Free  Space 

For  harmonic  incident  fields,  the  time  domain  calculations  are  carried  out  until  the 
scattered  fields  reach  a  time  harmonic  steady  state  (a  few  wavelengths  of  calculation). 
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frequency  domain.  The  bistatic  RCS  is  then  computed  using  a  near  field-to-far  field 
contour  integration. 


Figure  7  shows  plots  of  surface  currents  (n  x  H)  for  a  square  cylinder  at  two  different 
incident  angles  and  comparisons  are  made  with  method  of  moment  (MOM)  solutions21. 
The  required  grid  resolution  (at  least  10  points  per  wavelength)  is  maintained  only  on  and 
near  the  body  surface.  The  grid  is  allowed  to  stretch  (Jong  the  direction  leading  away  from 
the  surface  (nonunifoim  grid  between  the  body  surface  and  the  outer  boundary). 
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For  accuracy,  the  contour  for  RCS  evaluation  is  placed  at  the  centroids  of  cells  neighboring 
the  body  surface. 


The  broadband  frequency  response  from  a  single  transient  calculation  using  a 
Gaussian-like  incident  pulse  is  demonstrated  in  Fig.  9.  The  calculation  is  started  when  the 
incident  pulse  is  about  to  come  in  contact  with  the  scatterei  and  is  then  carried  out  until 
the  scattered  fields  completely  leave  the  vicinity  of  the  scattering  surface.  The  transient 
response  is  shown  in  terms  of  the  surface  current  variation  along  the  body  surface  in  time, 
which  starts  as  zero  at  t  =  0  and  gets  back  to  zero  at  some  later  time  after  the  transients 
vanish.  This  time  response  is  then  processed  using  FFTs  to  get  the  field  variation  in  the 
frequency  domain  for  all  frequencies  contained  in  the  incident  pulse.  Then,  the  bistatic 
RCS  as  a  function  of  frequency  is  computed. 

Figure  10  shows  results  for  a  perfectly  conducting  cylinder  with  a  dielectric  strip 
around  it.  The  electric  field  contours  clearly  indicate  the  smoothness  of  the  contours  at  the 
interface  of  free  space  and  dielectric.  The  characteristic  based  Riemann  solvers  employed 


16 


Fig.  7.  Surface  currents  for  a  perfectly  conducting  square  cylinder. 
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Fig.  8.  Two-dimensional  RCS  calculations. 
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Fig.  9.  Transient  single  pulse  calculation. 


at  a  cell  interface  ensure  such  continuity  and  smoothness  of  electric  and  magnetic  fluxes. 
The  comparisons  of  bistatic  cross  section  and  surface  currents  with  exact  solutions  are 
good. 

Figure  11  shows  a  similar  dielectric  strip  calculation  with  and  without  loss.  The  lossy 
material  behavior  is  modeled  in  terms  of  an  imaginary  component  to  e.  The  calculation 
of  Fig.  11  for  a  body  size  of  Ka  =  10  used  150  grid  points  along  the  body  and  30  points 
away  from  the  body.  The  smallest  grid  spacing  near  the  body  surface  is  chosen  such  that 
nearly  100  time  steps  will  provide  a  wavelength  of  calculation. 

Figure  12  shows  contours  of  electric  scattered  field  (E‘)  at  an  instant  of  time  for  a 
circular  cylinder.  The  bodjr  at  the  center  of  the  computational  domain  and  the  outer 
boundary  are  clearly  seen.  This  plot  clearly  shows  that  the  scattered  fields  leave  the  outer 
boundary  smoothly  without  any  noticeable  (spurious)  reflection.  The  corresponding  total 
electric  field  (Ej)  contours  are  shown  in  Fig.  13.  The  shadow  region  is  clearly  seen. 

Figuie  14  shows  the  bistatic  cross  section  for  the  NACA  0012  airfoil  at  different  control 
surface  settings.  The  airfoil  is  10  wavelengths  long  and  corresponds  to  about  1  GHz  incident 
frequency.  The  body-fitted  gridding  for  each  setting  is  also  shown  in  the  figure. 
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values.  The  variation  of  a  as  a  function  of  viewing  angle  is  more  pronounced  for  the  TE 
cases  than  for  the  corresponding  TM  cases.  The  computational  results  compare  very  well 
with  available  exact  solutions15. 


Figure  16  shows  bistatic  RCS  results  for  a  dielectric  cylinder  (e  =  2.56)  of  ka  =  1. 
This  case  has  a  drastic  RCS  variation  in  viewing  angle.  The  forward  scattering  is  nearly 
zero  dB  whereas  around  the  100°  viewing  angle  the  cross  section  reduces  to  -60  dB.  The 
finite-volume  calculations  based  on  the  present  formulation  seem  to  produce  very  accurate 
results  even  for  a  case  having  a  dynamic  range  of  60  dB. 
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Fig.  16.  RCS  for  a  dielectric  cylinder  -  TE  wave. 


A  novel  time  domain  differential  solver  for  Maxwell’s  equations  utilizing  proven  nu¬ 
merical  algorithms  of  CFD  has  been  developed  and  applied  to  solve  the  two-dimensional 
transverse  magnetic  and  transverse  electric  wave  equations.  Some  of  the  salient  features 
of  this  approach  are 

1)  Based  on  physical  theory  of  characteristic  signal  propagation  as  it  has  been  imple¬ 
mented  in  proven  CFD  methods 

2)  Treatment  of  layered  media  with  discontinuous  material  properties  (lossy  and  lossless) 

3)  Numerical  gridding  for  arbitrary  geometry  treatment 

4)  Near  field-to-far  field  transformation  to  compute  RCS 

5)  Second  order  accurate  (time  and  space)  upwind  Lax-Wendroff  explicit  scheme 

6)  Transient  and  time  harmonic  computations 

7)  Application  of  FFT  to  derive  frequency  response  from  time  domain  calculation. 

Currently  work  is  under  way  to  extend  the  two-dimensional  solver  to  full  three- 
dimensional  Maxwell’s  equations.  Along  with  the  development  of  a  three-dimensional 
Maxwell’s  equations  solver,  work  is  progressing  on  many  fronts.  In  the  algorithm  research 
arena,  implicit  type  schemes  are  being  looked  at  to  avoid  CFL  (stability)  restrictions  placed 
on  A /  by  the  explicit  schemes.  Modeling  of  negative  material  properties  (e  <  0)  which  have 
significance  to  plasmas  and  surface  polaritons,  treatment  of  thin  sheets  (resistive  cards, 
lossy  coatings,  etc.)  through  appropriate  boundary  conditions,  incorporation  of  frequency 
dependent  (time  dependent  material  properties  are  easily  modeled  in  a  time  domain  based 
solver)  and  nonlinear  material  properties,  gridding  requirements  for  large  bodies  (high 
frequency),  higher  order  nonreflecting  fax  field  outer  boundary  conditions,  computer  ar¬ 
chitecture  issues  in  algorithm  design  (coarse  grain  and  fine  grain  parallel  processing),  etc., 
are  some  of  the  topics  of  interest. 
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I.  INTRODUCTION 

The  analogy  between  electromagnetic  field  quantities  and 
voltages  and  currents  in  RLC  networks  has  been  known  for  quite 
some  time  [1].  Indeed,  actual  networks  have  been  built  and  tested 
to  verify  the  accuracy  of  such  techniques  [2].  In  1971,  Johns  and 
Beurle  used  these  principles  and  the  theory  of  pulse  propagation 
on  transmission  lines  to  develop  a  numerical  technique  suitable 
for  computer  computation  for  the  solution  of  two  dimensional 
electromagnetic  scattering  problems  [3].  The  method,  called  the 
transmission  line  modelling,  or  matrix,  (TLM)  method,  proved  to  be 
a  reliable,  accurate,  and  easily  formulated  mimerlcal  procedure 
for  the  solution  of  a  wide  variety  of  electromagnetic  interaction 
problems. 

II.  OVERVIEW  OF  THE  TLM  METHOD 

The  TLM  method  works  by  discretizing  a  given  portion  of  space 
by  inserting  into  It  a  mesh  of  transmission  lines.  The  structure, 
or  structures,  of  interest  are  then  put  into  the  mesh  such  that 
the  boundaries  intersect  the  transmission  lines.  The  relationships 
between  voltages  and  currents  on  the  transmission  lines  and  the 
electromagnetic  fields  are  then  used  to  obtain  all  six  components 
of  the  field  at  any  node.  The  excitation  of  the  mesh  is 
accomplished  by  initializing  ideal  impulses  of  voltage  and  current 
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which  correspond  to  the  fields  that  are  to  be  excited.  Following 
the  initialization,  iterations  commence  and  the  pulses  are 
followed  as  they  scatter  at  each  node  in  the  mesh  according  to  the 
scattering  matrix  for  the  node.  At  the  boundaries  of  the 
scatterers,  the  pulses  are  weighted  by  an  appropriate  reflection 
coefficient  and  then  returned  to  the  mesh. 

Since  the  TLM  procedure  operates  on  impulses  that  are 
injected  into  the  mesh,  the  solution  contains  information  over  a 
wide  band  of  frequencies.  The  output,  which  consists  of  a  series 
of  impulses  in  time  that  correspond  to  each  of  the  field 
quantities,  may  be  Fourier  tranformed  to  yield  steady  state, 
frequency  domain  Information.  Alternatively,  the  impulse  response 
may  be  convolved  with  an  excitation  function  to  get  the  time 
domain  response  to  that  excitation.  Thus,  once  the  impulse 
response  of  a  problem  has  been  calculated  and  saved,  the  solution 
for  any  initial  excitation  is  easily  obtained. 

After  scattering  at  a  node  or  reflection  from  a  boundary,  the 
impulses  take  a  finite  time  to  travel  to  the  next  node  or 
boundary.  This  gives  the  TLM  model  of  wave  propagation  the 
advantage  of  being  naturally  discretized  in  both  time  and  space. 
Thus,  no  approximations  need  be  used  and  the  model  can  be  solved 
exactly.  Errors  arise  in  the  TLM  method  due  only  to  how  well  the 
model  coi  responds  tc  the  actual  physical  situation  arid  not  f 2  om 
the  solution  of  that  model. 

Originally,  the  scattering  matrices  for  the  nodes  used  in  TLM 
meshes  were  derived  using  a  lumped  element  equivalent  of  the  node. 
Recently,  a  symmetrical  condensed  node  has  been  introduced  14] 
which  has  many  advantages  over  the  previously  used  expanded  and 


asymmetrical  condensed  nodes.  The  scattering  matrix  for  the 
symmetrical  condensed  node  is  derived,  by  enforcing  the  Maxwell 
equations  at  the  center  of  each  transmission  line  element  fS], 


Figure  1  shows  the  expanded  and  symmetrical  condensed  TLM  nodes. 
The  asymetrlcal  condensed  node  is  obtained  by  removing  the 
transmission  lines  linking  the  individual  shunt  and  series  nodes 
from  the  expanded  node;  these  link  transmission  lines  are 
indicated  by  the  arrows  in  Figure  1(a). 

By  adding  short  circuited,  open  circuited,  and  matched 
transmission  line  stubs  to  the  nodes,  materials  with  arbitrary 
permittivity,  permeability,  and  conductivity  can  be  modelled.  Jn 
addition,  these  stubs  allow  the  use  of  arbitrarily  shaped 
transmission  line  elements  to  bt  used  in  the  mesh  provided  the 
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an  be  determined.  While  in  principle,  arbitrary  elements  oar  be 
used,  rrk st  applications  to  date  have  been  limited  to  irregular*!,' 
graded  cartesian  meshes  and  cylindrical  meshes  [6).  Some  work  has 
also  been  done  involving  the  use  of  meshes  which  are  perturbed  to 
conform  to  the  surface  of  an  arbitrary  scatterer  at  th  catterer 
surface  In  a  regular  cartesian  mesh  (7). 

The  symmetrical  condensed  node  is  a  very  significant  advance 
in  the  TLM  technique.  Due  to  the  complicated  topology  of  the 
expanded  node  mesh,  graphic  Input  of  problem  data  has  proven  to  be 
rather  difficult.  Also,  the  field  quantities,  which  are  available 
at  the  individual  shunt  and  series  nodes  which  make  up  the 
expanded  node,  are  separated  In  space.  The  introduction  of  the 
asymetrlcal  condensed  node  simplified  the  problem  of  graphic  ciata 
preparation,  condensed  all  six  field  quant! Mon  to  one  spatial 
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Figure  1.  Three  dimensional  TLM  nodes: 

symmetrical  condensed  node. 
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point,  and  also  made  the  nodal  scattering  calculations  simpl  r  and 
more  efficient  ;  however,  this  node  has  the  disadvantage  of  b<*ing 
asymmetric  and  care  must  be  taken  when  using  this  version  of  the 
TLM  algorithm  -  especially  in  unbounded  field  problems.  The 
symmetrical  condensed  node  alleviates  the  difficulties  associated 
with  both  the  expanded  and  asymmetric  condensed  nodes.  In  addition 
to  allowing  easy  graphic  input  of  problem  data,  the  scattering 
calculations  are  also  simpler  and  computationally  more  efficient 
than  for  any  of  the  previous  nodes. 

Waves  that  are  propagating  on  a  TLM  mesh  experience 
dispersion  due  to  the  nature  of  the  transmission  line  mesh.  This 
dispersion  is  a  function  of  propagation  direction  on  the  mesh  and 
is  also  affected  by  the  addition  of  stubs  for  modelling  materials 
and  shapes  of  elements.  Limited  theoretical  analysis  and  extensive 
numerical  experimentation  indicate  that  tne  dispersion 
character l sties  of  the  symmetrical  condensed  node  mesh  are 
superior  to  the  expanded  node  and  asymmetric  condensed  node  meshes 
[6],  The  effects  of  the  mesh  dispersion  can  be  reduced  by  using  a 
finer  mesh.  In  general,  we  have  found  that  an  area  of  space  which 
has  been  discretized  to  adequately  describe  the  electromagnetic 
fields  requires  a  mesh  that  is  already  fine  enough  to  make  the 
dispersion  error  negligible.  Thus,  after-  specifying  the  mesh  for  a 
specific  problem  based  on  the  expected  field  distribution,  a 
cursory  check  is  usually  all  that  is  required  to  verify  that  mesh 
dispersion  will  not  have  a  significant  affect  on  the  results. 

The  development  of  time  domain  dlakopUcs  lor  use  in  the  TLM 
method  has  proven  to  be  a  very  powerful  tool  for  electromagnetic 
computations  I'd],  The  diakoptlc  process  allows  a  large  problem  to 


be  broken  into  smaller  substructures  which  are  solved  separately. 
The  solutions  for  each  substructure  are  then  Joined  using  a 
connection  algorithm  to  yield  the  solution  to  the  complete 
problem.  The  advantage  of  dlakoptlcs  is  that  if  the  geometry  of 
the  scatterer  changes  in  one  of  the  substructures  then  only  that 
single  substructure  must  be  re-solved  and  then  connected  to  the 
solution  for  the  rest  of  the  problem.  The  density  of  the  mesh  In  a 
substructure  can  also  be  made  finer  than  in  the  others.  This 
allows  areas  with  fine  geometrical  details  to  be  modelled  as 
substructures  with  a  very  fine  mesh.  Figure  2  shows  an  example  TLM 
mesh  which  contains  a  substructure  with  a  finer  mesh  than  the 
remaining  space.  The  use  of  diakoptics  permits  a  tremendous 
improvement  in  computational  efficiency. 

The  applications  of  TLM  In  the  area  of  electromagnetic 
analysis  and  design  have  been  extensive.  The  three  dimensional  TLM 
method  has  been  successfully  used  to  predict  the  dispersion 
characteristics  of  various  microstrip  integrated  circuit 
structures  [9], The  method  has  also  been  used  for  the  prediction  of 
EMP  hazards  in  aircraft  where  the  induced  currents  in  cable 
bundles  have  been  calculated  [10J.  Some  preliminary  work  has  also 
been  done  In  the  area  of  electromagnetic;  Imaging  [11]  where  TLM 
was  used  in  conjunction  with  an  optimization  procedure  to 
reconstruct  a  two  dimensional  dielectric  target.  The 
electromagnetic  interactions  of  a  charge  bunch  moving  at 
relativistic  speeds  In  a  high  energy  particle  accelerator  have 
been  predicted  with  a  high  degree  of  accuracy  using  a  TLM  model  5 rv 
cylindrical  coordinates  [12].  Additional  areas  of  applications- 
involve  analysis  and  design  of  magnetrons  and  travelling  wave 


Figure  2.  Two  dimensional  TLM  mesh  with  dla^optlc  s 
employing  a  Finer  mesh. 
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tubes,  prediction  of  electrostatic  discharge  (ESD)  in  LSI 
circuits,  and  transient  analysis  of  cross  talk  in  high  density 
VLSI  interconnections.  In  addition  to  electromagnetic  analysis  and 
design,  the  TLM  method  has  also  been  applied  to  the  modelling  of 
diffusion  [131,  and  nonlinear  networks  [14]. 

III.  GTEC:  THE  THREE  DIMENSIONAL  TLM  COMPUTER  CODE 

A  comprehensive  computer  program  package,  GTEC  (General  TLM 
Electromagnetics  Code),  has  been  developed  based  on  the 
symmetrical  condensed  TLM  node  [15].  The  program  is  organized  so 
that  it  is  user  oriented  and  relatively  easy  to  use.  All  of  the 
required  input  data  that  is  necessary  to  describe  the  problem  is 
read  in  from  a  formatted  data  file  that  is  assembled  by  the  user; 
thus,  no  programming  is  required  for  each  new  problem  that  is 
solved. 

The  problem  space  is  specified  by  Inputting  the  permittivity, 
permeability,  conductivity,  and  shape  of  each  transmission  line 
element  In  the  mesh.  In  addition,  the  reflection  coefficient  and 
location  of  relective  bo'indaries  are  specified.  After  initializing 
the  excitation,  iterations  based  on  the  TLM  algorithm  commence. 
After  each  iteration  (time  step),  the  field  components  are 
calculated  from  the  voltage  pulses  incident  on  each  node  and  saved 
at  the  user  specified  output  points.  Since  the  TLM  output  consists 
of  a  series  of  Impulses  in  time,  further  processing  is  usually 
required  to  obtain  useful  output  data.  The  GTEC  package  contains 
both  Fourier  transform  and  time  domain  convolution  routines  so 
that  both  frequency  and  time  domain  data  are  available, 

The  code  also  implements  stepped  Impedance  boundaries  [15]. 
This  type  of  boundary  permits  the  modelling  cf  waveguldlng 


structures  which  are  continuous  in  one  coordinate  direction  to  be 
modelled  on  a  mesh  only  two  nodes  in  length  regardless  of  the 
structure’s  actual  physical  length  in  the  continuous  direction. 
This  drastically  reduces  computer  time  and  memory  requirements  - 
especially  when  low  frequency  results  are  required. 

Special  versions  of  the  TLM  field  solver  are  available  that 
accumulate  either  the  Fourier  tranform  or  time  convolution  after 
each  Iteration  at  a  specified  frequency  or  times.  The  advantage  of 
this  scheme  is  that  the  Impulse  response  need  not  be  saved  at  each 
time  step.  While  losing  some  generality,  these  versions  of  the 
field  solver  require  less  memory  them  the  usual  procedure.  The 
Fourier  tranform  version  is  especially  useful  when  steady  state 
time  harmonic  results  are  desired. 
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VMS  version  4.4  operating  system  and  is  written  in  FORTRAN.  The 
program  has  been  written  in  a  modularized  fashion  in  order  to 
maintain  maximum  versatility.  This  also  allows  future  additions  to 
the  code  to  be  easily  added  to  the  total  GTEC  package.  An  example 
of  this  is  the  addition  of  one  of  the  optional  field  solvers 
described  above.  Implementation  into  GTEC  requires  only  that  the 
new  field  solver  be  linked  with  the  rest  of  the  package  -  no 
programming  or  modification  to  other  code  segments  is  required. 

A  basic  skele?  flowchart  for  the  TLM  field  solver  is  shown 
in  Figure  3  (the  main  program  driver  and  the  graphics  routines  are 
not  shown  in  this  figure).  Detailed  descriptions  of  the  program 
operations  and  of  all  of  the  subroutines  in  GTEC  are  contained  in 


[15]. 


Present  graphics  capabilities  in  GTEC  consist  of  provisions 


for  plotting  the  calculated  data  and  for  plotting,  In  three 
dimensions,  the  geometry  of  the  structure  being  Investigated. 
Figure  4  shows  the  graphic  output  of  an  aircraft  model  that  was 
used  to  predict  the  EMP  response  of  the  aircraft.  The  graphic 
verification  of  problem  geometry  is  made,  if  desired,  after  the 
input  data  table  has  been  read  in.  As  an  example  of  a  GTEC  input 
table,  Figure  5  shows  all  of  the  input  data  required  for  solving 
for  the  surface  currents  on  the  aircraft  in  Figure.  4  for  an 
incident  EMP  pulse;  again,  reference  is  made  to  [  15  ]  for  a 
complete  description  of  all  Input  parameters. 

Because  of  the  inherent  simplicity  of  the  TLM  algorithm,  GTEC 
is  computationally  efficient.  For  the  example  aircraft  EMP 
interaction  problem  described  above,  the  total  CPU  time  required 
for  the  TLM  solution  was  approximately  100  minutes  on  the  VAX 
11/780  for  a  30  x  30  x  30  mesh  size  and  1  ns  of  prediction.  As 
seen  from  the  input  data  of  Figure  5,  the  topological  simplicity 
of  the  symmetrical  condensed  node  makes  data  input  relatively 
straight  forward, 

GTEC  has  been  tested  extensively  on  a  wide  range  of 
electromagnetic  problems.  In  addition  to  EMP  interaction  problems 
such  as  the  aircraft  described  above,  the  code  has  been  used  to 
predict  dispersion  in  many  different  microstrip  integrated  circuit 
structures.  We  have  also  used  GTEC  for  the  analysis  of  broadband 
waveguides,  and  for  predicting  cross  talk  in  high  density  VLSI 
interconnects.  Comparison  with  other  computed  data  when  available 
has  been  very  good.  In  addition,  preliminary  measurements  on  VLSI 
interconnects  show  good  agreement  with  the  data  predicted  using 


GTEC. 


Figure  4.  Graphic  output  For  geometry  of  the  aircraft  used  For  EMP 
analysis  by  GTEC. 
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IS 

18 
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10 

12 
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* 
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IS 

IS 

18 

18 

19 

21 
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M 
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16 

17 

18 

18 

6 

12 
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ft 
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16 

17 

18 

18 

19 

23 
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to 
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22 

23 

18 

18 

13 

13 
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22 

23 

18 

18 

18 

18 
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23 

23 

18 

18 

12 

12 
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to 
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23 

25 

18 

16 

19 

19 
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24 

18 

18 

11 

11 
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24 

24 

18 

18 

20 

20 
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m 
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20 

25 

19 

20 

15 

15 
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22 

23 

21 

22 

13 

15 
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24 

23 

23 

24 

IS 

13 
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to 
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13 

13 

15 

18 

17 
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13 

13 

13 

18 

14 

14 
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12 
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18 
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16 

16 

13 

16 
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m 
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6 

13 

14 

14 

IS 

16 
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(21) 

14 

24 

14 

14 

14 

17 
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3 

3 

13 

16 

13 

16 
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7 

7 

17 

18 

13 

16 
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(24) 

24 

24 

13 

18 

14 

17 
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(23) 

6 

7 

13 

16 

14 

14 
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6 

7 

13 

16 

16 

16 
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to 

(27) 

8 

13 

13 

18 

14 

14 
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to 

(28) 

8 

13 

13 

18 

16 

16 
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to 

(29) 

14 

24 

13 

18 

13 

13 

1  -1.  oooooo 

to 

(30) 

14 

24 

15 

IB 

17 

17 

t  -1.  onoOOO 

n 

(31 ) 

O 

O 

o 

o 

0 

0 

0  0.  OOOOOO 

0 

0 

o 

0 

0 

0 

0. OOOOOO  0. oooooo 

1 

30 

30 

30 

1 

30 

1  1 .  oooooo 
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o 
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0 

0 
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!  NUMBER  OF  ITERATIONS 

Figure  5.  Formatted  input  data  file  for  the  aircraft 
Interaction  problem. 
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IV.  NUMERICAL  RESULTS 


In  this  section,  two  example  problems  that  we  have  worked 
with  GTEC  are  presented;  the  first  is  the  frequency  domain 
analysis  of  a  fin  line.  Secondly,  sin  exemplary  result  for  the 
aircraft  EMP  problem  previously  described  will  be  given.  These  two 
diverse  applications  of  GTEC  demonstrate  the  versatility  of  the 
GTEC  package. 

The  geometry  used  for  the  dispersion  characterization  of  a 
fin  line  is  shown  in  Figure  6.  The  technique  used  is  to  resonate 
a  length  of  the  f inline  and  determine  the  resonant  frequency  of 
the  structure  via  the  Fourier  tranform  of  the  impulse  response. 
Since  the  structure  is  continuous  in  the  z  coordinate  direction,  a 
stepped  Impedance  boundary  has  been  utilized  to  reduce  computer 
time  and  storage  requirements.  Symmetry  in  the  y  direction  was 
also  exploited  in  the  calculations.  For  a  cavity  length  (in  the  z 
direction)  of  4nun,  the  GTEC  analysis  yielded  b/A  *  0.23,  while  the 
hybrid  two  dimensional  TLM  transverse  resonance  analysis  in  1 17 1 
yielded  b/A  =  0.25.  By  changing  the  cavity  length,  additional 
resonances  can  be  determined  and  from  this  data  the  dispersion 
curve  can  be  plotted. 

As  an  example  of  a  time  domain  analysis  with  GTEC,  the 
results  for  the  axial  surface  current  at  TP208  on  the  aircraft  of 
Figure  4  are  presented  In  Figure  7.  The  excitation  function  used 


EoIexp(-t/Tf)  -  exp(-t/Tr,)] 


is  given  by 


where 

E  =  5.9r  x  104  V/m 

°  -9 

Tf  =  245  x  10  s 

t  =  2.85  x  10  ®  s. 
r 

The  aircraft  was  assumed  to  be  in  flight  for  these  calculations 
(i.e.,  no  ground  plane  was  modelled).  The  results  are  in  good 
agreeme.it  with  tnose  calculated  from  other  methods  as  presented  in 
[  18]. 

V.  CONCLUSIONS 

In  Its  current  form,  GTEC  provides  a  very  powerful 
electromagnetic  problem  solving  tool.  Future  developments  to  the 
code  include  the  addition  of  a  general  time  domain  dlakoptlcs 
routine.  The  incorporation  of  dlakoptlcs  will  make  the  package 
more  efficient  for  design  (synthesis)  applications  as  well  as 
computationally  more  efflcent  for  the  analysis  of  many  problems. 

The  direct  calculation  of  radiated  or  scattered  fields  In  the 
far  field  region  of  a  scatterer  is  not  pratical  with  TLM  due  to 
the  size  of  the  mesh  that  would  be  required.  For  this  reason,  a 
near-to-far  field  tranformaticn  algorithm  will  be  added  to  the 
GTEC  package. 

The  addition  of  an  extensive  graphics  package  into  the 
program  will  eliminate  the  need  for  assembling  the  input  data 
table  manually,  and  also  enhance  the  output  of  the  program.  A 
simple  computer  aided  design  (CAD)  program  Is  all  that  will  be 
required  to  allow  the  geometry  of  the  problem  to  be  entered 
graphically  on  a  graphics  device  and  then  automatically  converted 
to  input  data  for  the  TLM  solution. 

Since  the  TLM  algorithm  is  quite  efficient,  implementation  on 


a  PC  is  very  practical  and  a  PC  version  of  GTEC  is  currently  under 
development.  In  its  final  form,  the  PC  GTEC  package  will 
incorporate  all  of  the  features  of  the  VAX  version  and  also 
extensive  graphic  capabilities. 
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Introduction 

Arrays  are  data  structures  often  used  in  many  types  of  numerical 
calculations.  In  traditional  programming  of  finite-difference  models,  for  example,  one 
usually  just  defines  a  set  of  arrays  to  represent  a  discrete  version  of  some  function  of 
space  or  time.  Each  array  holds  only  numeric  values  representing  the  function  of 
interest,  while  all  mathematical  relationships  between  the  values  are  built  into 
equations  expressed  inside  the  main  program.  An  alternative  to  this  approach  uses 
ideas  recently  popularized  in  newer  computer  languages  -  namely  the  concept  of 
"object  oriented  programming"1.  In  this  case,  an  array  can  do  more  than  just  store  data 
(i.e.  values);  an  array  may  also  contain  the  algorithms  needed  to  calculate  new  values 
and  to  do  such  things  as  display  cell  values  or  graphically  plot  relationships.  One  thus 
thinks  of  the  array  as  an  "object"  whic'r  contains  not  only  data,  but  also  the  instructions 
on  how  to  process  or  display  the  data  it  contains. 

The  ideas  presented  here  started  out  as  a  time-domain  finite-difference 
model  of  a  transmission  line  that  was  implemented  using  a  commercial  spreadsheet 
program2.  Use  of  the  spreadsheet  was  very  convenient  because  a  one-dimensional 
array  could  just  be  represented  as  a  column  in  the  spreadsheet  and  graphic  output 
displays  are  easily  generated.  It  was  noted  that  spreadsheet  cells  can  not  only  contain 
some  value,  but  also  a  mathematical  expression  that  can  be  used  for  recalculating  the 
value.  This  suggested  building  a  "smart  array"  with  similar  capabilities,  but  capable  of 
faster  calculational  speed  than  can  be  obtained  with  commercial  spreadsheets.  These 
"smart  arrays"  w»re  then  used  to  build  a  finite-difference  code  for  calculating 
transmission  line  transients. 


'Smart  Arrays' 

Consider  first  the  ordinary  array  as  used  in  traditional  programming 
languages  such  as  FORTRAN.  One  first  has  to  tell  the  computer  how  large  the  array  is, 
using  something  like  a  DIMENSION  statement.  The  computer  then  reserves  an 
appropriate  amount  of  storage  with  one  'cell'  for  every  element  in  the  array.  Typically, 
the  array  name  points  to  the  first  cell,  and  subsequent  cells  are  sequentially  arranged 
in  memory.  One  can  usually  carry  out  only  two  operations  on  each  element  of  an  array 
-  namely,  putting  a  value  into  the  cell,  or  removing  a  value  from  the  cell.  One  can  think 
of  the  cell  name  combined  with  an  index  as  referring  to  a  specific  location  in  memory, 


and  the  contents  of  that  memory  location  (address)  is  where  the  cell  value  is  stored. 
(See  Figure  1  below.) 


DIMENSION  AAA  (5) 


Reserves  space  for  a  5  element  array 
The  name  'AAA'  is  associated  with  the 
address  of  the  first  element  of  the  array 


AAA  (2)  =  2.3 


Stores  the  number  2.3  into  the  2nd  slot 
of  the  array 


XXX  =  AAA  (3) 


Puts  the  3rd  element  of  AAA  into  the 
variable  XXX 


AAA  (1) 
AAA  (2) 
AAA  (3) 
AAA  (4) 
AAA  (5) 


Address  Contents 

Figure  1  -  The  Ordinary  Array 


Now  consider  the  issue  of  how  one  might  create  an  array  which  resembles 
a  column  in  a  spreadsheet  where  each  cell  can  contain  a  value  and  some 
mathematical  expression  for  calculating  that  value.  In  addition,  other  procedures  for 
manipulating  array  data  should  also  be  included  as  part  of  the  array.  The  method  used 
in  this  work  is  represented  in  Figure  2,  where  each  element  of  the  array  is  represented 
in  memory  by  two  cells.  One  of  the  cells  contains  the  element  value  and  the  other 
contains  a  pointer  to  a  some  expression  or  algorithm  used  to  calculate  the  value.  In 
addition,  each  array  has  a  pointer  to  what  is  called  a  dispatch  table.  This  table 
contains  a  list  of  actions  which  might  be  taken  on  the  array.  As  indicated,  one  can  not 


only  save  and  retrieve  the  values  of  individual  elements  of  the  array,  but  also  change 
the  array  size,  change  the  pointers  to  the  recalculation  procedures,  and  execute  the 
recalculation  procedures  so  that  new  values  are  stored  in  the  value  cells.  Thus,  a 
'Smart  Array’  contains  not  only  numerical  data,  but  also  all  the  procedures  needed  to 
manipulate  and  update  that  data. 


5  NEW . S VECTOR  AAA 


(AAA  is  associated  with  the 
data  structure  shown  below) 


AAA  (1) 


AAA  (2) 


AAfi  { J) 


AAA  (4) 


AAA  (5) 


pntr  - 

) 

value-1 

pntr-1 

) 

value-2 

pntr-2 

) 

value-3 

pntr-3 

) 

value-4 

pntr-4 

) 

value-5 

pntr-5  % 

Dispatch  Table 


:NEW 

create  new  array 

:DISCARD 

discard  array 

:  AT 

address  of  element 

:TO 

save  value  in  element 

:FROM 

get  value  in  element 

: GETSIZE 

get  array  size 

: SETS1ZE 

set  array  size 

:SET 

set  element  pointer 

: SET-ALL 

set  all  pointers 

:EXEC 

execute  element  pointer 

: EXEC-ALL 

execute  all  pointers 

3.14X56 


/iAA  V  i ;  t  j  .  u  • 


Figure  2  -  The  'Smart'  Array 


One  would  create  a  'smart  array'  named  AAA  with  5  elements  with  the 

expression 

5  NEW . SVECTQR  AAA 

(Note  that  the  size  of  the  array  (5)  precedes  the  word  "NEW.SVECTOR"  and  the  name 
"AAA".  This  use  of  Reverse  Polish  notation  is  a  feature  of  the  Forth  language  used  to 
create  the  ’smart  arrays'.  Also,  one-dimensional  arrays  are  referred  to  a  "Vectors"  in 
the  actual  implementation.)  One  would  store  the  value  3.14  into  the  third  element  of 
AAA  with  the  statement 


3.14  3  AAA  :TQ 


while  the  value  of  the  second  element  would  be  retrieved  by 

2  AAA  :FROM 

One  could  also  increase  the  array  size  to  10  elements  by  entering 

10  AAA  : SETSIZE 

Now  assume  that  some  calculational  procedure  called  NEW. VALUE  has  been 
defined.  A  pointer  to  that  procedure  is  installed  in  all  the  cells  of  the  array  by  the 
statement 

TOKEN. FOR  NEW. VALUE  AAA  : SET-ALL 

One  can  then  use  that  newly  installed  procedure  to  recalculate  new  values  for  the 
entire  array  by  entering 

AAA  : EXEC-ALL 

Procedures  for  individual  elements  in  the  array  can  be  set  or  executed  by  using  :  set 
and  '.execute . 

Note  that  the  procedure  in  any  cell  can  refer  to  other  cells  of  the  array.  As  in  a 
spreadsheet,  it  is  convenient  to  be  able  to  refer  to  a  relative  location  within  the  array, 
rather  than  an  absolute  position.  Thus,  each  ceil  "knows"  its  own  index  and  one  can 
reference  that  index  using  the  word  CURRENT-INDEX.  The  preceding  cell  then  has 
an  index  of 

(CURRENT-INDEX)  - 1  and  the  following  cell  (CURRENT-INDEX)  +  1 .  It  is  thus  easy  to 
write  a  single  procedure  for  referencing  other  coils  by  relative  position. 

The  smart  array  obviously  requires  more  memory  for  a  give  array  size  than  a 
conventional  array  due  to  the  storage  of  a  pointer  with  each  value,  (In  this 
implementation,  pointers  can  be  as  small  as  2  bytes,  while  the  floating  point  value  is  4 
or  8  bytes  long.)  However,  there  is  little  execution  time  penalty  for  storing  or  retrieving 
values  since  addition  of  the  pointer  just  changes  the  amount  of  storage  allotted  for 
each  cell. 


The  ’smart  arrays'  discussed  here  have  been  implemented  on  an  Apple 
Macintosh™  microcomputer  using  the  Forth  computer  language  (specifically, 
MacForth  from  Creative  Solutions,  Inc).  Forth  is  a  very  powerful  language  that  lets  the 
user  build  all  sorts  of  extensions  and  special  tools  like  these  'smart  arrays'.  Similarly, 
the  Macintosh  has  a  number  of  capabilities  that  make  studies  like  this  one  easy.  For 
example,  'smart  arrays'  are  created  and  stored  in  a  region  of  dynamic  memory  called 
the  "heap",  which  is  part  of  the  Macintosh  operating  system.  Array  sizes  can  thus  be 
manipulated  and  changed  in  real  time,  after  a  program  has  been  compiled.  Array 


operations  can  thus  be  interactive,  rather  than  depending  on  values  entered  before 
compilation. 


With  large  arrays,  one  would  like  an  easy  method  of  examining  and 
possibly  editing  the  values  of  individual  elements.  This  capability  has  been 
implemented  on  the  Macintosh  by  the  use  of  “Smart  Windows",  one  of  which  is  shown 
in  Figure  3.  On  the  left  is  a  scrolling  list  of  array  element  values.  Any  value  can  be 
selected  and  edited.  The  plot  on  the  right  shows  a  graphical  plot  of  array  values  as  a 
function  of  index.  One  can  attach  any  'smart  array'  to  such  a  'smart  window'  and  then 
quickly  examine  and  edit  array  values. 


Figure  3  -  A  'Smart  Window'  for  the  Display  and  Editing  of  'Smart  Array'  Values 


Transmission  Line  Analysis 

Now  consider  the  problem  of  a  time-domain  transmission  line3-4.  Such  a 
line  is  characterized  by  currents  and  voltages  along  the  li°e  which  are  functions  of 
space  and  time.  The  current  and  voltage  are  determined  by  the  four  line  parameters, 
capacitance,  inductance!  resistance,  and  conductance  per-unit-length,  which  may  also 
be  functions  of  position  and  time,  the  driving  voltage  source  per-unit-length,  and  the 
boundary  conditions  at  the  ends  of  the  line.  The  two  transmission  line  equations  are 


differential  equations  describing  the  relationships  between  these  functions. 


One  method  for  solving  the  transmission  line  differential  equations  is  to 
form  an  approximately  equivalent  set  of  finite-difference  equations  where  a  discrete 
finite-difference  mesh  is  used  to  represent  space  and  time.  In  particular,  the  spatial 
mesh  can  be  represented  by  a  number  of  discrete  cells  in  an  array.  One  can  then 
derive  expressions  for  the  values  of  the  current  and  voltage  at  a  "new"  time  step  in 
terms  of  the  "old"  values.  In  particular,  one  can  write  the  new  current  in  terms  of  the  old 
current  at  the  same  location  and  the  old  voltage  at  cells  on  either  side  of  the  cell  being 
considered,  with  similar  expressions  available  for  the  "new"  voltage.  This  whole 
finite-differencing  process  is  summarized  in  Figures  4-6;  this  basic  method  of 
finite-difference  solution  is  fairly  well  known5*8. 

Now,  one  can  use  'Smart  Arrays'  to  represent  the  spatial  current  and 
voltage  meshes.  Each  element  of  the  array  refers  to  a  particular  location.  One  can  then 
write  a  procedure  corresponding  to  the  equations  in  Figure  6  which  give  the  new  value 
in  terms  of  the  old  values.  This  procedure  for  calculating  the  new  values  is  then  stored 
in  the  pointer  cell  of  each  element  of  the  smart  array.  Each  cell  of  the  array  then 
"knows  how"  to  update  its  own  value;  for  example,  values  of  the  voltage  array,  VW,  for 
the  next  time  step  are  obtained  by  simply  executing  vw  :  exec-all  ,  while  a  similar 
expression  will  update  the  current  array. 


In  order  to  keep  the  calculation  quite  general,  the  four  line  parameters  are 
also  implemented  as  smart  arrays.  Update  procedures  would  be  used  if  these  line 
parameters  were  time  dependent,  or  dependent  on  the  current  or  voltage.  (Otherwise, 
one  would  not  use  any  update  procedure.)  A  complete  time  step  update  thus  might 
look  like  the  following: 


TIME  =  TIME  +  DT 
LL  : EXEC-ALL 
•  •  • 

VS  ; EXEC-ALL 
VW  :  EXEC-ALL 
III  : EXEC-ALL 


\  Update  the  inductance  if  not  constant 
\  Update  other  line  parameters 

\  update  the  voltage  source  array 

\  Update  the  voltage  array 

\  Update  the  current  array 


The  time-stepping  process  is  thus  effectively  isolated  from  the  algorithm  used  to 
handle  the  spatial  relationships.  One  can  then  assign  the  current  and  voltage  arrays  to 
"Smart  Windows"  so  that  the  current  and  voltage  spatial  distributions  can  be  displayed 
as  time-stepping  moves  forward.  (Figure  3  shows  a  voltage  array.) 


Why  Use  ’Smart  Arrays"  ? 

The  various  elements  of  this  approach  are  really  identical  with  those  used 
in  more  traditional  finite-difference  calculations.  The  difference  is  in  how  the  elements 
are  arranged  and  ordered.  Data  and  algorithms  are  compartmentalized  in  a  different 
manner  with  'smart  arrays'  which  can  have  certain  advantages.  For  example,  with 


•  The  Transmission  Line  is  often  used  to  model  various  electromagnetic 
systems 

•  The  Transmission  Line  is  characterized  by  the  four  distributed  line 
parameters  as  well  as  distributed  voltage  and  current  sources  and 
sources/loads  at  each  end 


Q  ■« 

v>  <y  > 

©  T3X> 
O  o  — 


©  E  © 


3  i§ 


'55 


-is  O  w 
o  ”  c 

_  G>  o 
ja-2 


<0  *0  >»2 

W  (W 


o  m  2  §■ 

■n  !£• 
<2  <i>  a>  <0 

•—  t-*  “i  * — 

£  c  ere 

1=  <D 

v  »-  u 

c/)  7=  x:  <u 

O  JZ  CD  ■ 
.SC  £Z  ■=  -n 

■4-*  _  _ .  W 

ra  u 

.ts  +*  0.2 
O  tr 

S  0)5  « 

®  3ga 

C  R3 

<5  —  T=  2 

2  =.«§ 
«  55E 
£:  o>  £=_2 
1-  35^ 

*2  2  c  3 

w  ©  c 

c  ©  o  2 
o  C  .S£ 


—  o 
D>™ 

IIM 


O  UJ  ©> 

</>  _  <D  > 

.2  8  5g> 
5  S  e£ 

g  8=2 

<  ui-11  w 


Figure  4  -  Transmission  Line  Models 


Figure  5  -  Transmission  Line  Equations 


-  Voltage  Mode 

-  Current  Node 


Figure  6  -  Finite  Difference  Mesh 


'smart  arrays'  one  can  experiment  with  alternative  spatial  differencing  schemes 
without  changing  or  re-compiling  the  basic  time  stepping  loop.  One  simply  changes 
the  procedure  pointer  for  the  arrays.  Or  one  can  chango  the  time  dependence  of  the 
line  parameters  after  the  rest  of  the  code  is  compiled.  Attaching  an  array  to  a  'Smart 
Window'  and  being  able  to  see  the  values  as  the  calculation  proceeds  is  also  a  very 
useful  debugging  tool.  Programmer-code  interaction  is  thus  simplified  by  the 
compartmentalization  achieved  with  these  techniques. 

Another  reason  for  considering  these  methods  is  simply  that  it  is  a  different 
way  of  looking  at  a  problem.  Adopting  a  different  point-of-view  is  often  very  useful  in 
gaining  a  better  understanding  of  basic  mechanisms  even  though  the  final  numerical 
results  may  not  be  any  different  than  previously  achieved  with  alternative  methods. 

A  basic  reason  for  developing  the  'smart  arrays’  concept  is  the  desire  to 
simplify  the  scientific  programming  process.  At  present,  the  scientist  or  engineer 
spends  too  much  time  worrying  about  the  details  of  his  code  instead  of  trying  to 
understand  the  physical  mechanisms  being  investigated.  It  was  thus  hoped  that  the 
development  of  "smarter*  computer  tools  would  help  alleviate  this  problem. 
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CALCULATION  OF  ANTENNA  INPUT  IMPEDANCE 


USING 


FINITE  DIFFERENCE  TIME  DOMAIN 


K.  S.  KUNZ  AND  R ,  J.  LUEBBERS 
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UNIVERSITY  PARK,  PA  16802 


DEFINITION  OF  FINITE  DIFFERENCE  TIME  DOMAIN  (FDTD)  TECHNIQUE 

AND  THE  METHOD  OF  MOMENTS  (MOM) 

•  FDTD  based  on  linearized,  central  differenced  time  domain 
Maxwell  curl  equations,  i.e., 

Hy  (  tn+l )  =  •  *  • 

Hz ( tn+i )  =  ... 

3F 

VxM  =  flS  +  “  -  ... 

where  at  the  surface  of  a  metal  Escat  =  -  E*nc 

«  MOM,  as  applied  here,  divides  a  wire  into  subsections  and 
obtains  a  generalized  impedance  matrix  (Z)  to  describe  the 
electromagnetic  interactions  between  wire  subsections,  i.e., 

[Z]  ID  -  [V] 

where  (I]  is  a  matrix  describing  the  currents  on  the 
subsection,  [V]  the  electric  field  excitation  at  a  single 
frequency  on  the  same  subsections.  From  a  know  [Z]  and 
[V] ,  [1]  can  be  found  using  standard  matrix  manipulations 


CHARACTERISTICS  OF  THE  TWO  TECHNIQUES 


•  FDTD 

-  time  domain  formulation 

-  best  with  volumetric  scatterers 

-  approximate/engineer ing  code 

-  good  with  lossy  dielectrics  including  anisotropic 

-  well  suited  to  interior  coupling  problems 

•  MOM 

-  frequency  domain  formulation 

-  best  with  thin  wires 

-  very  accurate 

-  complex  lossy  dielectrics  not  readily  modeled 

-  must  be  used  very  care  ully  on  interior  coupling 


problems 


,nsf>3H 


Y  DIELECTRIC  CAPABILITIES 


NEED  FOR  VALIDATED  THIN  WIRE  ANTENNA  MODELING 


Simple*  antennas  can  readily  be  made  complex 

-  buried 

-  coated 

-  enclosed 

-  fattened 

-  placed  over  complex  shapes/complex  materials 

FDTD  good  for  handling  above  complexities 

Need  to  know  what  are  the  effects  of  the  complexities  and  what 
are  the  limits  of  FDTD  with  respect  to  a  simple  antenna,  i,e., 

~  dynamic  range 

i 

-  DC  limit 

-  upper  frequency  limit 

-  fidelity/accuracy 


Can  then  begin  to  separate  contributions 


THIN  WIRE  MODEL 


Dipole  Antenna 

Line  of  Escat:  =  -  Einc  field  components  define  the  arms 
Approximately  2/3  cell  thick 

Cells  1  cm  high,  0.5  cm  x  0.5  cm  in  cross  section 

24  cell  arms 

extra  open  cell  between  arms  for  Voc  predictions 
(Isc  predictions  use  continuous  48  cell  wire) 

Gaussian  excitation  -  e  folds  in  16  At,  truncated  at  64  At 

Problem  space  (6  x  64  x  16  cells) 


Total  fields  used  for  response  calculations 
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A49  MOM  VS  FDTD 


(cpuosnoifjJ 
(SWHO)  30NVlSIS3d 


FREQUENCY*-  GHZ 

FDTD  +  MOM 


A49  MOM 


EVALUATION 


Covers  broad  frequency  range  -  many  resonances 

-  120  dB  dynamic  range 

Resonances  match  MOM  to  within  -  10%  in  frequency  and  ~  10% 
amplitude 

Below  first  resonance,  near  DC,  phase  error  leads  to  large 
zero  resistance  error  in  the  admittance  - 

Numerous  causes  studied,  no  "culprit"  yet  found 

-  wire  fatness 

-  excitation  source 

-  (ORBC ) 

Usable  engineering  model 

Need  to  refine  model  of  error  sources 


ONE-DIMENSIONAL  FINITE  DIFFERENCE  TIME  DOMAIN 
DEMONSTRATION  FOR  THE  CLASSROOM 

R.  J.  Luebbers  and  K.  S.  Kunz 
Department  of  Electrical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

and 

K.  A.  Chamberlin 

Department  of  Electrical  and  Computer  Engineering 
University  of  New  Hampshire 
Durham,  NH  03824 


ABSTRACT 

At  Penn  State  a  graduate  level  course  is  offered  in  computational 
electromagnetics.  This  originally  included  applications  of  the  method 
of  moments  and  the  geometrical  theory  of  diffraction.  The  approach 
taken  is  to  require  students  to  write  programs  "from  scratch"  to 
analyze,  for*  example,  scattering  from  a  lossy  wire  or  from  a  circular 
di3k  using  appropriate  techniques.  No  "canned"  programs  are  utilized 
in  the  course. 

Recently  the  course  content  was  expanded  to  include  the  finite 
difference  time  domain  (FDTD)  technique.  In  order  to  reduce  the 
complexity  of  the  coding,  the  finite  difference  equations  of  the 
original  Yee  formulation  (K.  S.  Yee,  IEEE  AP  Trans.,  14,  302-307, 

1966)  were  reduced  to  one  dimension.  The  resulting  FDTD  code  is 
capable  of  analyzing  propagation  through  a  planar  stratified  medium  of 
arbitrary  permittivity,  permeability,  and  conductivity  for  normal 
incidence.  This  formulation  permitted  demonstration  of  the  basic 
elements  of  the  method  while  greatly  reducing  the  coding  effort.  The 
pulse  shape,  time  step  size,  absorbing  boundary  conditions, 
dispersion,  precursor  energy,  etc.  could  be  investigated  and  displayed 
In  a  straightforward  way. 

The  results  obtained  were  transformed  to  the  frequency  domain  via 
a  Discrete  Fourier  Transform  (DFT),  allowing  computation  of,  for 
example,  the  complex  reflection  coefficient  vs  frequency  for  a  planar 
stratified  material  slab.  This  allowed  the  students  to  connect  the 
FDTD  results  to  frequency  domain  results  with  which  they  were  already 
familiar.  The  one-dimensional  FDTD  clearly  allowed  the  students  to 
gain  insight  into  the  method,  perhaps  better  than  If  they  had  to  cope 
with  a  two-  or  three  'imenslonai  formulation. 


ONE-DIMENSIONAL  FDTD  FORMULATION 


In  order  to  reduce  the  complexity  of  programming  and  displaying 
FDTD  computations  we  formulate  the  difference  equations  in  one 
dimension.  If  we  arbitrarily  choose  to  retain  Ey  and  Hz  with 
propagation  in  the  x  direction,  and  assume  "real"  e  and  p,  then 
Maxwell's  equations  become 


1  /M, 
T  (9^  ' 


0  Ey) 


(1) 


1_  3E 
u  ax7 


(2) 


Following  Yee's  notation  we  let  x  -  i*Ax,  t  -  n  *At,  and  Fn(l)  - 
F(i*Ax,  n*At),  where  F  is  any  field  component.  Still  following  Yee's 
approach  we  interleave  Ey  and  Hz  In  apace  and  time,  and  specify  e,  p, 
and  o  at  discrete  points  (actually  layers  for  our  1 -D  formulation). 
After  approximating  the  differential  equations  as  difference  equations 
and  simplifying  we  easily  obtain 
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Equations  (3)  and  (*0  are  readily  programmed  for  solution  by  iteration 
of  each  equation  alternately. 

One  special  case  which  should  be  considered  is  high  values  of 
conductivity  a.  The  above  difference  equations  cannot  be  numerically 
evaluated  for  high  a  values,  yet  reflections  from,  for  example,  lossy 


materials  backed  by  a  good  conductor  are  of  common  interest.  In  order 
to  avoid  this  problem  good  conductors  are  modeled  as  perfect 
conductors  by  explicitly  setting  Ey  to  zero  at  conductor  locations.  ' 
The  next  considerations  are  the  stability  and  accuracy 
constraints  on  Ax  and  At.  It  must  be  pointed  out  that  Ax  must  be  much 
less  than  the  minimum  wavelength  of  interest  and  the  minimum  scatterer 
dimension  for  good  accuracy.  For  stability,  time  steps  must  be  small 
enough  so  that  field  values  can  affect  only  nearest  neighbors  during 
one  time  step  internal.  For  our  1 -D  equations  an  adequate  stability 
criterion  is 

c*At  <Ax  (5) 

where  c  is  the  speed  of  light.  A  safe  choice  is 

c* At  “0.5* Ax  (6) 

and  this  is  used  for  all  of  the  examples  in  this  paper. 

We  must  also  consider  excitation  of  the  difference  equations. 

One  can  discuss  different  pulse  shapes  relative  to  their  frequency 
content.  A  traditional  choice  is  the  Gaussian  pulse.  If  we  let  Eo  be 
the  peak  amplitude,  xp  be  the  original  location  of  the  peak,  and 
2*IP*Ax  be  the  pulse  width  to  .001 *Eo  amplitude,  then  the  Gaussian 
pulse  electric  field  13  given  by 

Ey  -  Eo  exp  [~6(x  -  Xp  -  ct)1"] 


(7) 


with 


In  (0.001 )  _  m  (0.001) 

(IP«Ax)2  (IP-2*C*At)2 


(8) 


Writing  (7)  as  a  difference  equation  suitable  for  exciting  a 
propagating  wave,  we  have,  with  Xp  =  IPC*Ax  locating  the  initial 
position  of  the  pulse  peak, 

Ej  (i)  =  Eo  exp  [-In  (0.001)  •  P--  )2]  (9) 


For  propagation  in  the  plus  x  direction  the  corresponding  magnetic 
field  is  given  a3 


H''rf(i  +  1/2) 
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where  Zo  is  the  impedance  of  free  space. 

The  final  consideration  before  programming  the  above  equations  is 
absorbing  pul.3es  as  they  are  incident  at  the  limits  of  the  problem 
space.  Significant  literature  exists  on  FDTD  absorbing  boundary 
conditions,  but  as  our  problem  formulation  allows  only  normal 
incidence  the  problem  is  considerably  simplified  over  2-  and  3_D 
formulations.  An  adequate  absorbing  boundary  condition  is  given  by 
Mur  (G.  Mur,  IEEE  EMC  Trans.,  23,  377-382,  1981)  which  can  be  reduced 
to  one  dimension.  However,  due  to  lack  of  sufficient  time  to 
incorporate  general  boundary  conditions,  and  due  to  the  simplification 
of  always  having  normal  incidence  at  the  boundary,  the  pulses  incident 
on  the  boundary  are  directly  zeroed  out  as  they  reach  the  boundary 


(the  entire  pulse  is  zeroed  at  once).  It  is  anticipated  that  the  next 
time  the  course  is  taught  more  effort  will  be  expended  on  the 
absorbing  boundary  conditions,  perhaps  illustrating  the  relative 
effects  of  different  formulations. 

Some  examples  of  the  results  which  can  be  obtained  using  the 
above  are  illustrated  in  figures  1-3,  which  show  electric  field  vs 
position  at  different  time  steps  for  a  210  picosecond  Gaussian  pulse 
incident  on  a  2.4  cm  thick  dielectric  slab  with  er  -  4  backed  by  a 
perfect  conductor,  with  Ax  =»  0.0015  m.  These  computations  were  done 
using  a  personal  computer.  A  demonstration  program  with  menu-driven 
choices  of  dielectric  slab  material  and  thickness,  pulse  width,  etc., 
which  allowed  the  user  to  watch  the  pulses  propagate  and  interact  with 
planar  stratified  changes  in  constitutive  parameters  was  written  and 
provides  an  excellent  means  to  demonstrate  the  technique  graphically. 

Using  this  program  the  effects  of  the  frequency  content  of  the 
Gaussian  pulse  on  the  stability  of  the  difference  equations  can  be 
illustrated.  Figure  4  show  the  effect  of  reducing  the  pulse  width 
from  the  210  picoseconds  used  in  figures  1-3  to  115  picoseconds.  The 
resulting  pulse  dispersion  is  clearly  evident  and  illustrates  one  of 
the  fundamental  limits  of  the  method. 

TRANSFORMATION  TO  FREQUENCY  DOMAIN 

The  effect  of  frequency  content  of  the  Gaussian  pulse  on  pulse 
dispersion  leads  naturally  to  consideration  of  transforming  the  time 
domain  results  to  frequency  domain.  One  can  begin  by  calculating  the 
bandwidths  of  the  210  and  115  picosecond  pulses  used  previously  and 


showing  that  the  shorter  pulse  contains  significant  energy  at 


frequencies  such  that  the  constraint  of  Ax<<  "minimum  wavelength"  is 
violated,  explaining  the  dispersion  of  the  pulse. 

The  next  step  is  to  actually  transform  calculation  results  to  the 
frequency  domain.  The  example  which  was  chosen  to  illustrate  this  was 
determination  of  the  frequency  domain  reflection  coefficient  for  a 
pulse  incident  on  a  slab  using  FDTD  time  domain  computations. 

We  have  already  seen  samples  of  time  domain  calculations  in 
figures  1-3.  Similar  calculations  mu3t  progress  through  enough  time 
steps  so  that  the  pulse  amplitudes  ha/e  decreased  to  very  low  values. 
The  electric  field  amplitude  at  the  x  coordinate  just  in  front  of  the 
dielectric  vs  time  is  stored.  This  results  in  values  of  total 


electric  field  vs  time  at  the  surface  of  the  slab.  (E‘‘  (1  )). 

uOu  r 

We  then  remove  the  slab  and  excite  the  problem  again  with  free  space 
everywhere,  again  saving  the  electric  field  vs  time  at  the  same 
location  as  before.  This  gives  us  the  incident  electric  field  at  the 


front  of  the  slab  (E1}  (i_))  vs  time.  For  each  time  step  the 
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lor  our  example  problems  it  was  found  that  taking  4096  total  time 
steps  was  sufficient  to  determine  the  total  field.  The  incident  field 
could  be  determined  with  just  enough  time  step3  to  allow  the  pulse  to 
pass  by  the  position  of  the  slab  interface,  with  zeros  used  to  pad  the 
incident  field  to  4096  if  necessary.  Let  us  denote  NTOT  as  the  number 


of  time  steps  to  determine  the  total  field  (4096  for  our  examples)  and 
NINC  as  the  number  of  time  stepc  for  the  incident  field  0  28  was 
sufficient,  for  this).  For  tV  examples  shown  Ax  -  0.0015  m.  At  -  2.5 
picosecond,,  the  Gaussian  pu-.sc  width  is  i80  picoseconds  (IP  »  18).  and 
all  dielectric  slabs  are  9  j0  *Ax)  thick. 

The  discrete  Fourier  transform  (DFT)  is  given  by 

KT-1 

e(kAf)  -  At  I  Em  (i  )  exp  [-j2imk/NT j  0  2) 

p.«0 


After  considering  the  slab  thickness  relative  to  the  frequency 
content  of  the  Gaussian  pulse  it  seemed  desirable  to  have  results  at 
frequency  intervals  of  approximately  25  MHz.  For  a  power  of  2 


tr*dinsffcor*fl}  cfrQ3s  NT  ss  1  6,384  resulting  in  Af  =  1/(MT*At)  -  24.414 


MHz.  We  further  estimated  that  our  maximum  frequency  of  interest 
would  oe  10  GHz,  so  that  we  were  interested  in  the  first  410 
frequencies  (k  “  1,410)  of  the  DFT.  Ou^  DFT  expressions  for  the 
incident  and  reflected  fields  became 


NTNT 


e,  (i:  Af ) 
inc 
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with  the  frequency  domain  complex  reflection  coefficient  R(f)  given  by 


R(kAf) 


eref(k4f) 


'inc 


(kAf) 


(15) 


The  above  computations  could  have  been  done  somewhat  faster  U3ing  an 
FFT  algorithm.  But  the  savings  of  using  the  FFT  vs  the  direct 
computation  would  be  diminished  over  the  usual  since  we  are  only 
interested  in  Hi 0  values  out  of  1 6 , 38^  and  since  we  only  have  4096 
non-zero  terms  in  our  direct  summation. 

Let  us  consider  some  examples  of  applying  the  above  transforms. 
First  we  show  in  figure  5  the  frequency  spectrum  of  our  incident 
Gaussian  pulse  computed  from  equation  (13).  This  incident  pulse  is 
used  for  all  of  the  following  reflection  coefficient  computations. 
Normalizing  the  reflected  to  the  incident  field  for  computation  of  the 
reflection  coefficient  as  indicated  in  equation  (15)  simultaneously 
corrects  for  the  frequency  roll-off  of  the  Incident  pulse  while 
providing  the  phase  reference  for  the  reflection  coefficient. 

RoflooHnn  room  o  1  ant  pnmr.nt-.aMnn.q  for  ROVfiral  rlirfonAnt’  si  ah 
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geometries  are  shown  in  figures  6-9,  Figure  6  is  for  a  slab  with  er  - 

4,  9  cm  thick.  Note  that  the  slab  has  a  minimum  reflection 

coefficient  (it  should  be  zero)  when  the  slab  is  a  multiple  of  1/2 

wavelength  thick,  and  a  maximum  reflection  coefficient  of  0.6  at  odd 

multiples  of  1/4  wavelength  in  thickness  as  it  should.  The  accuracy 

decreases  at  higher  frequencies,  perhaps  due  to  the  Imperfect 

absorbing  boundary  conditions. 


,i-i= 


- 


4  slab  but  backed  by  a 


Figure  7  is  for  the  same  9  cm  thick  cr  ■> 
perfect  conductor.  The  reflection  coefficient  magnitude  should  be 
exactly  I  for  all  frequencies,  but  a  periodic  error,  greatest  when  the 
slab  is  an  odd  multiple  of  1/4  wavelength  thick,  is  evident  in  the 
results . 

Figure  8  is  for  the  same  9  cm  thiol:  tr  »  4  slab  backed  by  a 
perfect  conductor  but  with  a  uniform  conductivity  a  *  1.0  S/m 
throughout  the  slab. 

Finally  figure  9  has  the  conductivity  linearly  increase  from  0.01 
S/m  at  the  front  of  the  slab  to  1.0  S/m  at  the  back  of  the  slab.  If 
would  be  instructive  to  provide  for  the  direct  frequency  domain 
calculations  to  compare  with  these  results,  and  it  is  hoped  that  this 
will  be  accomplished  the  next  time  the  course  is  taught. 
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Electric  field  vs  position  for  Gaussian  pulse  incident 
on  a  dielectric  (eP  =  slab  backed  by  a  perfect 


Figure  2.  Continuation  of  figure  1t  after  partial  reflection  by 
dielectric  slab. 


Continuation  of  figures  1  and  2  after  roultip 
reflections  have  occurred. 


ab 


Same  geometry  as  figures  1-3,  but  with  narrowe; 
which  disperses  due  to  violation  of  stability 
condi tions. 


picoseconds  wide. 


Figure  6.  Reflection  coefficient  Magnitude  vs  frequency  for  9  cm 
thick  z~>  =  4  slab  computed  using  one-dimensional  FDTD. 
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Figure  7.  Reflects*  coefficient  magnitude  vs  frequency  for  9  cm 

thick  er  =  slat  backed  by  a  perfect  conductor  computed 
using  one-dimensional  FDTD. 


A  HIGH  FREQUENCY  REFORMULATION  OF  THE  FDTD  ALGORITHM 

IN  GENERALIZED  COORDINATES 


•  M.A.  Fusco  and  M.V.  Smith 
Lockheed  R&D  Division 
3251  Hanover  St.,  Palo  Alto,  CA  94304-1187 
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The  Finite  Difference-Time  Domain  algorithm  first  propounded  by  Yae  (K.  Yee. 
IEEE  Trans.  Antennas  Propagat,.  AP-14,  no. 3,  302-307,  1966),  and  since  elaborated  on 
by  several  authors  (A.  Taflove  and  M.E.  Brodwin,  IEEE  Trans.  Microwave  Theory  Tech.. 
MTT-23,  623-630.  1975;  K.  Umashankar  and  A.  Taflove,  IEEE  Trans.  Electromagn. 
Comnat..  EMC-24,  no. 4,  397-405,  1982;  Fusco,  to  be  published)  is,  in  its  conventional 
form,  essentially  a  low  to  intermediate  frequency  method.  The  limitations  are  imposed 
by  computer  resource  requirements,  and  FDTD  practitioners  have  hitherto  anticipated 
advances  in  computing  power  to  be  able  to  extend  the  domain  of  applicability  of  FDTD 
methods  to  higher  frequencies.  In  this  paper  a  procedure  is  presented  which  greatly  reduces 
computer  resource  requirements  for  a  given  body  size-wavelength  ratio.  The  procedure  con¬ 
sists  of  filling  the  computational  space  with  the  incident  radiation  (as  if  the  scatterer  were 
not  present),  then  turning  the  scatterer  ‘on’  and  allowing  the  FDTD  algorithm  to  run  its 
course.  Qualitative  arguments  suffice  to  show  that  this  leads  to  the  correct  solution. 

The  method  applies  to  arbitrarily  shaped  conductors  and  dielectrics  in  two  and  three 
dimensions  and  can  easily  reduce  CPU  times  by  orders  of  magnitude.  A  significant  side 
benefit,  resulting  in  further  savings,  is  that  a  large  class  of  problems  can  be  solved  without 
having  to  implement  a  radiation  boundary  condition.  Results  for  the  two-dimensional  case 
of  a  TM-polarized  plane  wave  incident  on  an  infinite  circular  cylinder  with  KA  =  92  have 
been  obtained  by  working  in  generalized,  numerically  defined  coordinates,  which  obviates 
the  need  to  staircase  the  scatterer.  These  results  have  been  found  to  be  in  excellent 
agreement  with  results  from  a  modal  expansion  code  and  will  be  presented  herein,  along 
with  further  findings  on  curvilinear  system  implementations. 
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ABSTRACT 

A  need  to  determine  the  electromagnetic  response  of  an  object  over  a  specified  frequency  band  is 
frequently  encountered  in  numerical  modeling.  This  is  typically  done  using  many  successive  evaluations 
of  a  moment-method  (MM)  model  over  the  frequency  range  of  interest,  leading  to  possibly  excessive 
computer  time  if  many  frequency  samples  are  required.  One  way  of  reducing  the  number  of  frequencies  at 
which  the  MM  calculation  must  be  done  is  by  introducing  a  priori  knowledge  of  the  expected  frequency 
behavior  in  the  form  of  a  model,  a  pole  series  for  example.  The  model  could  also  be  based  on  frequency 
samples  or  on  frequency  derivatives  of  the  response  exploiting  the  fact  that  these  derivatives  can  be 
obtained  recursively  using  significantly  less  time  than  that  needed  to  develop  the  initial  impedance  and 
admittance  matrices.  Both  of  these  approaches  are  discussed  here. 


I.  INTRODUCTION 

The  electromagnetic  response  of  an  antenna,  propagation  path,  or  a  scatterer  is  most  often  needed  over  a 
spectrum  of  frequencies  rather  than  at  just  one  or  a  few  isolated  frequency  points.  This  is  increasingly  the 
case  as  tne  operating  Danawiatns  ot  systems  increase  or  their  transient  responses  are  required. 

For  various  reasons,  including  the  fact  that  most  electromagnetic  textbooks  and  courses  continue  to 
emphasize  time-harmonic  analysis,  development  of  wideband  spectral  responses  or  even  a  short-pulse 
transient  response  is  most  often  based  on  using  a  set  of  discrete  frequency  samples.  Unfortunately,  the 
samples  used  and  their  spacing  in  frequency  seem  to  be  determined  more  often  by  the  esthetic 
appearance  of  straight-line  or  other  low-order  interpolation  rather  than  by  exploiting  the  underlying  physics 
of  the  phenomenon  being  modeled.  The  result  can  be  that  many  more  frequency  samples  are  used  than 
should  be  necessary  from  sampling  requirements  based  on  information  theory,  with  a  consequent  but 
avoidable  increase  in  the  cost  of  the  associated  computation  or  measurement. 

As  an  aiiemaiive  io  inis  inierpoiaiory  approach,  perhaps  besi  described  as  curve-fitting  ,  we  deveiop  and 
demonstrate  two  sampling  techniques  which  incorporate  a  model  of  the  expected  behavior  based  on 
electromagnetic  physics,  which  can  be  called  "model-based  parameter  estimation"  (MBPE).  An  example  of 
this  idea,  applied  in  a  quite  different  context,  is  that  of  replacing  the  Sommerfeld  integrals  which  occur  in 
the  interface  problem  by  simple  analytical  approximations  whose  amplitudes  are  determined  numerically  by 
matching  them  to  accurately  computed  Sommerfeld  integrals  [Burke  and  Miller  (1984)].  A  more  thorough 
discussion  of  MBPE  applications  in  electromagnetics  is  given  by  Miller  (1987). 

One  MBPE  approach  uses  ordinary  discrete  frequency  samples  to  develop  a  functional  representation  of 
the  sought -for  frequency  response.  The  second  takes  advantage  of  an  evidently  previously  unused 
property  of  the  moment-method  impedance  and  admittance  matrices  to  obtain  derivatives  of  the  frequency 
response  for  much  less  computational  cost  than  that  required  to  obtain  the  original  response  at  that  same 
frequency.  Each  approach  utilizes  the  mathematical  property  that  the  frequency  response  is  well 
approximated  by  a  rational  function  or  ratio  of  two  polynomials  ( the  model)  in  which  the  variable  is  the 
complex  frequency  and  in  which  the  parameters  are  the  polynomial  coefficients.  The  problem  then 
becomes  one  of  determining  numerical  values  for  the  unknown  coefficients  which  appear  in  the  rational 
function  by  using  whatever  appropriate  data  might  be  available.  As  we  will  show,  the  possibility  then  also 
arises  of  developing  a  generalized  moment-method  admittance  matrix  whose  coefficients  are  themselves 
functions  of  complex  frequency,  leading  to  further  interesting  ramifications  for  obtaining  and  representing 
both  spectral  and  temporal  responses.  The  use  of  both  frequency  sampling  and  frequency-derivative 
sampling  is  summarized  below,  followed  by  representative  numerical  examples  which  illustrate  application 
of  the  latter. 


II.  ^ODEL-BASED  PARAMETER  ESTIMATION 
A.  A  Polynomial  Representation 

Development  of  a  frequency-sampled  MBPE  electromagnetic  transfer  function  requires 
frequency  samples  of  the  response  which  is  to  be  estimated  and  an  appropriate  model  whose  parameters 
are  to  be  evaluated  numerically  from  those  samples.  The  approach  taken  here  originates  from  the 
Singularity-Expansion  Method  [Baum  (1976)]  in  using  a  pole  series  in  complex  frequency  s  *  o  + jco  having 
the  form 


p  R 

F(S)  =  Fp(s)  +  Fnp(s)  =  X' fefh  +  X 

o=1  Sa)  t*=-G 

(D 

where  the  polynomial  Fnp(s)  accounts  for  the  nonpole  (except  for  possible  s  =  0  poles)  portion  of  F(s),  and 
in  Fp(s)  the  2P  parameters  Ra  and  sa  are  the  residues  or  amplitudes  of  the  response  and  the 

corresponding  poles,  respectively.  We  note  that  the  nonpole  part  of  Eq.  (1)  as  used  here  is  assumed  to 
have  polynomial  terms  in  complex  frequency  extending  from  powers  of  -Q  to  +R.  Also  observe  that  while 
the  number  of  poles  is  theoretically  infinite,  a  computationally  impractical  situation,  here  we  are  concerned 
with  developing  an  approximation  tc  F(s)  over  a  limited  frequency  band  so  that  the  numoer  of  poles 
needed  in  the  model  will  be  relatively  small,  say  10  or  fewer,  and  problems  associated  with  ill  conditioning 
might  be  avoided.  This  presumes  that  two  or  more  different  models  might  be  used  to  cover  a  wider 
frequency  band.  The  difference  betwean  models  in  overlapping  frequency  intervals  could  provide  an  error 
measure  for  an  adaptive-sampling  scheme,  as  briefly  discussed  in  Seciiori  V  below. 

Upon  transforming  Eq.  (1)  into  least-common  denominator  form,  we  obtain  the  rational-function 
counterpart 


F(s)  *  N(s)/D(s) 

for  which  a  more  convenient  computational  version  is  obtained  by  multiplying  by  D(s)  to  get 
F(s)D(s) -  N(s) 

The  numerator  and  denominator  polynomials  are  given  respectrvely  by 


and 


N(s)  *  Nq  +  Nisi  +  N2s2  +  . . .  +  NnSn 


D(s)  -  [Dq  +  Dif.1  +  D2s2  +  . . .  D<jsP]sQ 


(2a) 


(2b) 


(3a) 


(3b) 


with  terms  of  maximum  order  given  by  n  -  P  +  R  - 1  and  d  =  P  +  Q  .respectively,  in  the  numerator  and 
denominator.  We  next  discuss  how  the  numerator-  and  denominator-polynomial  coefficients  can  be 
computed  using  frequency  sampling  or  frequency-derivative  sampling  of  the  transfer  function  F(s).  For 
simplicity,  we  limit  our  discussion  here  to  the  cases  where  Fnp(s)  ■  0  for  frequency  sampling  and  Fnp(s)  =■ 
constant  for  frequency-derivative  sampling,  (i.e.,  Q  -  R  -  Co  »  0  and  O  -  R  -  0,  respectively).  We  also 
assume  that  only  the  number  of  samples  needed  for  computing  the  number  of  unknown  polynomial 
coefficients  is  employed,  i.e.,  an  overdetemnined  system  is  not  used. 

B.  Computing  Model  Coefficients  Using  Frequency  Samples 

The  coefficients  of  Eq.  (3)  can  be  found  if  samples  Fj  ■  F(s»Xj),  for  i  -  0, 1 , . . . ,  2P  + 1 ,  ...  of  the 

response-function  F(s)  are  available,  which  for  real-frequency  sampling  means  that  Xj « jcoj.  Although  there 

seem  to  be  2P  +  1  unknown  coefficients  in  Eq.  (3)  as  written,  at  least  one  of  these  must  be  specified 
independently  to  obtain  an  inhomogeneous  set  of  equations,  a  conclusion  that  can  also  be  reached  by 


noting  that  there  are  only  2P  unknown  coefficients  represented  by  Ra  and  sa.  Furthermore,  those  2P 

complex  parameters  represent  only  2P  real  unknowns  because  the  poles  and  residues  occur  in  conjugate 
pairs,  which  aiso  means  that  the  numerator-  and  denominator  polynomial  coefficients  are  real  as  well. 
Although  any  cn8  or  the  2P  +  1  numerator-  and  denominator-polynomial  coefficients  could  be  specified, 
this  is  usually  accomplished  oy  setting  D<j  I  as  is  done  here. 

The  resetting  procedure  may  be  regarded  as  a  logical  extension  of  Prony's  Method  which  was  developed 
originally  for  an  exponential,  rather  than  a  pole,  series.  For  this  reason  the  technique  summarized  below 
has  been  referred  to  as  "Frequency-Domain  Prony"  [Brihingham,  et.  al.  (1976)],  although  it  is  better  known 
as  rational  function  approximation. 

In  sampled  torn,  Eq.  (2b)  is  given  by 

ROM)  -  N(Xj);  i  -  0,  1,  2 _ n+d-1=2P-1, . .  .  (4) 

v'hich  reduces  to  the  following  system  of  equations  [Miller  (1 987)] 
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'  (5) 

Tiie  raf Iona!  function  approximation  to  toe  sampled  transfer  function  is  thereby  obtained  in  terms  of  the 
froquency-sampied  data  Fj  by  solving  Eq,  (5)  for  tho  numerator-  and  denominator-polynomial  coefficients. 
At  this  point,  the  medal  calculation  has  been  completed,  although  as  a  further  step  we  could  also  obtain 
the  system  poles  arid  zeroes  by  solving  D(s)  ~  C  »  D(So)  and  N(z)  -  0  =■  NfZfx). 

C.  Computing  Model  Coefficients  Using  Frequency-Derivative  Samplos 

i  he  same  ratio nwi ’function  mode!  can  be  used  when  frequency-derivative  samples  are 
employed  rather  diori  frequency  samples.  Starting  w<th  £q.  (2)  and  upon  dilferer.tiatirrg  t  times  with  respect 
to  s  and  dropping  tho  explicit  s  dependence,  there  results  the  following  equations 

FC*N 

po + n:.r  -  n1  (S) 

P’D  +  2  FT)  +  FD"  r,  N' 

F'  D  +  3PD' t-  3Fir  +  FD"’  -  N' 


F(t,'D  +  tr;M)o(1) 


d,t-mF(rT’?D(5  Tn)  +  .  .  <-  KD(0  - 


where  CrfS  *-  r!/[s!(r-s)t)  le  the  binomial  coefficient.  The  system  ol  t»  I  equations  in  Eq,  (b)  ('hem  are  f 
froquancy-rierivativo  sampias  plus  tfio  original  frequency  sampler)  provides  (he  information  from  which  tire 
model  coefficients  car  bo  found  if  t  a  ih<f+ 1 .  Wilt  i  no  toss  of  jener  a’My,  E.q.  (6)  ccr<  bo  simplified  by  setting 
s  -  'i  since  &  can  represent  tny  variation  In  frequency  abotii  tho  point  where  the  frcquerrcy-dci/.iiive 
samples  are  ottainod.  Wo  then  Jfnd  tire  follo  wing  matrix  vyprossnUTion  tor  the  unknown  numerator-  and 
denominator-  polynomial  coefficients 
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where  the  samples  ara  now  Fm  *  m!F(m)'  As  noted  above  tor  frequency  sampling,  at  least  one  coefficient 
of  the  two  polynomials  must  be  specified  to  render  tho  system  inhomogeneous.  Vvo  have  chosen  here  to 
use  Dq  «=  1 


This  linear  system,  solution  of  which  yields  the  coefficients  of  the  rational-function  model  for  a  transfer 
function  based  on  frequency-derivative  samples,  is  somewhat  similar  to  that  piocsotsd  above  tor 
frequency  sampling.  The  approach  summarized  here  is  known  as  Pade  approximation  [Jones  (1979)], 
although  we  might  regard  it  as  a  further  generalization  of  the  various  oxt<  nsions  of  Plenty's  Method  as 
discussed  above  and  elsewhere  [Miller  (1987)].  Al!  of  these  variations  of  the  basic  Prcrsy  Method  have  the 
goal  of  using  computed  or  measured  data  to  develop  a  numerical  mode'  for  some  phenomenological 
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approximated  by  cither  a  series  of  exponentials  vr  a  series  of  poles,  although  as 


noted  above  in  Eq.  (1),  some  nonpolo  (or  nonexponential)  terms  can  also  be  included.  In  the  nexi  section, 
we  discuss  how  the  frequency  derivatives  of  the  response  can  be  found  as  a  generalization  of  a 
Moment-method  model. 


III.  COMPUTING  FREQUENCY  DERIVATIVES  IN  A  MOMENT-METHOD  MODEL 


A.  The  Basic  loea 

As  noted  above,  the  coefficients  needed  to  numerically  quantify  the  pole-series  or 
rational-function  model  for  the  transfor  function  of  interest  can  in  principal  be  ootained  from  whatever 
information  ’s  available.  As  an  alternative  to  using  only  frequency  samples,  which  although  a 
straight  forward  approach  offers  no  further  computational  efficiency  beyond  reducing  the  number  of  actual 
sampief  required,  we  now  consider  using  frequency  derivatives  of  the  response.  The  basis  for  the 
tvchniquo  due  to  earlier  work  by  one  of  the  authors  (Burke)  as  reported  in  Mfibi,  et.  al.  (1970).  As  we  will 
show,  the  additional  programming  complexity  that  arisos  in  computing  frequency  derivatives  front  a 
moment-method  modal  can  be  compensated  by  a  further  reduction  in  oveiaii  computer  time. 


Cr.  writing  tho  moment -method  aquations  that  arise  from  an  integral-equation  formulation  in  matrix  form,  wo 
hart  the  im^.  sdance  aquation 


i-> 


whe»o  ri,  I  li\;}  V  o  re  the  usual  impedance  matrix  and  the  current  and  voltage  vectors,  respectively.  A 
solutto;  for  t;  ;e  cum;  c1  cun  them  be  formally  written  as  an  admittance  equation 
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where  the  matrix  Y  is  the  if  /arse  of  Z.  We  should  note  however  that  thu  appro  act-,  dovelcpt  J  here  for  the 
frequency  derivatives  could  be  implemented  using  LU  factorization,  iteration,  or  any  other  solution 
method. 


Now  let  us  differentiate  the  impedance  equation  with  respect  to  frequency  from  which  we  obtain 


N 

£«.)i;+ s'# =v; 


i=i 


(9  a) 


where  the  prime  denotes  a  frequency  derivative.  A  solution  of  the  differentiated  impedance  equation  for 
the  differentiated  current  can  then  be  written 
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'i=ZYiivi-I^A 


1=1 


k=1 


(9b) 


where  we  observe  that  while  the  differentiated  impedance  matrix  appears  as  part  ©*  a  modified 
right-hand-side  of  the  differentiated  admittance  equation,  I'  is  given  in  terms  of  an  undifferentiated 
admittance  matrix.  Computing  the  differentiated  current  thus  requires  an  additional  number  of 
computations  beyond  those  needed  for  solution  of  the  undifferentiated  current  proportional  to  N2  rather 
than  the  that  would  apply  lev  obtain  ar other  frequency  sample  (assuming  that  Ly  decomposition  is  used 
rather  than  iteration). 


Continuing  this  process,  ws  find  that  the  nth  frequency  derivative  of  the  current  is  given  by 


H 


(10) 


whore  again  Cn.k  is  the  binomial  coefficient  and  the  superscript  in  parenthesis  indicates  differentiation  with 
respect  to  frequency  of  the  order  indicated.  Tiiis  equation  is  essentially  Identical  in  form  to  Eq.  (6),  and 
demonstrates  the  similarity  between  the  differentiated  rational-function  and  the  moment-method  models. 

It  is  especially  important  to  observe  that  information  about  the  n'lh  frequency  derivative  of  the  current 
continues  to  require  a  compute!  time  proportional  to  N2.  Expressed  in  another  way,  each  additional 
frequency  derivative  of  the  solution  vector  for  the  current  can  be  computed  in  a  number  of  operations 
proportional  to  A(ri,Nrns)/N  where  A  is  a  function  which  depends  on  the  order  of  the  derivative  and  tne 
number  of  right-hand- sides  for  which  the  solution  is  sought,  it  the  frequency  derivatives  provide 
information  comparable  to  that  avoiiabfci  from  the  frequency  samples  themeeSves,  it  cart  bo  appreciated  that 
there  could  be  a  substantia!  computational  advantage  to  using  the  solution  dorfvatives  in  estimating  the 
transfer  fnructlonc.  In  the  next  soctlon,  we  consider  how  those  computations  can  be  done  by  modifying  the 
NEC  code. 


B,  An  Ui-tog  KtC 

To  irnpiemarrt  Irfl'pc-rtcy-ttodvittf ve  inte/polbtiou  (EDI)  as  summarized  afx>ve,  the  derivatives  o' 
the  impedance  matrix  must  be  evaluated.  In  a  cede  such  a  a  NEC,  the  fields  which  comprise  the  impedance 
matrix  car.  have  im  aourcee  of  frequency  dopondence.  One  of  these  Is  due  to  the  frequency 
dependence  o'  the  lioW  sxpmK&iona  tiH.mseivee.  and  Ota  other  can  arise,  n’t  In  NEC,  nom  trio  basis  arid 
testing  functions.  NEC  employs  po’<cH  sampling,  ),q,,  delta  function  testing,  which  Is  not  frequency 
dependent  bm  do 93  use  trie  throe  -lorm  sinusoidal  curvon!  expansion  function 


Ij(s)  =  Aj  +  BjSiri[ks<s— Sj)J  +  C;C0S[ks(s-5j)] 


(ii) 

where  ks  is  normally  set  equal  to  the  medium  wavenumber  k.  This  is  done  because  analytical  expressions 
are  tnen  available  for  five  cA  the  si):  field  components  needed  for  general  problems.  But  the  frequency 
dependence  of  the  basis  function  which  thereby  occurs  can  greatly  complicate  implementation  of  FDI. 

In  implementing  FDI  in  NEC  it  was  decided  to  hold  ks  constant  in  the  basis  lunctions  to  simplify  the 
evaluation  of  derivatives.  This  step  is  justified  by  noting  that  the  basis  functions,  although  constructed 
from  the  functions  of  Eq.  (11)  which  depend  on  kSl  have  the  form  of  B  splines  which  are  insensitive  to  ks 

for  small  |ks5|.  in  addition,  the  solution  is  relatively  insensitive  to  small  changes  in  the  shape  of  the  basis 
functions.  Hence,  we  started  jvith  equations  for  the  field  of  the  current  components  in  Eq.  (11)  for  ks  ^  k, 
derived  the  equations  for  the  u'erivati'  es.  and  then  set  ks  =  k.  A  further  simplification  was  effected  by  using 
the  VLF  version  of  NEC  (NEC3VLF)  in  which  the  numerically  cancelling  fields  due  to  point  charges  at 
segment  ends  are  analytically  removed  from  the  field  equations.  With  the  point-charge  fields  removed  and 
ks  *  k,  the  held  components  to?  a  current  of  the  icrm 
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(12a) 


due  to  a  segment  extending  from  -i  to  6  on  the  z  axis  of  a  cylindrical  coordinate  system  are 
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The  needed  frequency  derivatives  ot  the  fields  are  thus  obtained  by  differentiating  the  above  expressions 
with  respect  to  k  an<1  then  seitirp  ks  =  k.  Consequently,  derivatives  of  the  integrals  up  to  an  order  one  less 
than  the  ord«.  of  the  derivative  of  the  field  remain  when  kp  is  sei  equal  to  k.  Considering  in  addition  that  E/ 
due  tc  the  constant  term  in  the  NEC  basis  is  also  needed,  there  are  five  integrals  to  evaluate  for  each  order 
of  differentiation. 

The  Integral?  and  their  derivatives  were  evaluated  by  expanding  the  exponentials  and  integrating  the  terms 
analytically.  In  this  process  each  derivative  shares  some  terms  with  the  expansion  for  the  previous 
derivatives,  tf  numerical  integration  were  used,  the  derivatives  would  share  the  exp(-jkn)  term  which 
accounts  for  much  of  the  commutation  time.  Hence,  the  additional  effort  is  less  than  proportional  to  the 
number  of  derivatives.  Tin  remaining  steps  in  evaluating  the  derivatives  of  Eq.  (12)  with  respect  to  k  are 
StraiqinWtrward, 


IV.  fcOMt  REPR£bL.JTATIVE  FiESULTt: 

The  modified  ve.sion  of  NEC  daecriboc  above  was  allied  to  throe  antenna  problems  as  a  preliminary  test 


a  center-excited,  straight-wire  antenna  A  more  challenging  case  is  presented  by  a  straight  horizontal  wire 
located  very  near  a  conducting  ground  piano,  which  produc  es  a  much  sharper  resonance.  The  most 
difficult  problem  attempted  is  that  of  a  forked  monopole  antenna  having  arms  which  are  slightly  different  in 
length.  Results  from  each  case  are  summarized  below, 

A.  Dipole  Antenna  In  Free  Space 

Results  are  presented  in  Figure  1  for  a  center-excited  dipole  antenna  modeled  with  NEC  using 
21  segments.  A  Taylor  series  and  rational  model  were  fit  to  the  current  and  four  derivatives  (t  *  4,  n  *  d  «  2) 
at  a  point  LA#  which  is  moved  across  the  first  resonance.  Directly  computed  values  were  obtained  at  0.01 

intervals  in  LA,.  The  Taylor  series  result  is  seen  to  follow  the  correct  result  over  a  relatively  narrow  region 
around  the  expansion  point,  while  the  rational-function  model  provides  a  good  match  over  a  much  wider 
interval.  Of  course,  the  radius  of  convergence  of  the  Taylor  series  is  limited  by  the  distance  to  the  nearest 
pole  in  the  complex  plane  as  is  evident  in  the  decreased  convergence  interval  as  the  expansion  point 
moves  through  the  resonance. 


Both  first  and  second  resonances  are  shown  in  Figure  2,  with  the  Taylor  series  and  rational-function 
models  f*t  at  L  A#  =  1.0.  Both  resonances  are  recognized  in  the  rational  model,  but  not  with  high  accuracy. 
Presumably  a  better  result  would  be  obtained  with  a  higher  order  rational  function  fit  to  more  derivatives. 


B.  Horizontal  Dipole  Antenna  Close  to  a  Ground  Plane 

Results  for  a  horizontal  airtenna  near  a  perfectly-conducting  ground  plane  are  presented  in 
Figure  3.  This  case  was  selected  to  test  the  frequency-derivative  model  for  a  response  function  having  a 
higher-Q  resonance.  The  solid  curve  was  computed  with  a  sampling  interval  of  O.OQi  in  LA.  It  can  be  seen 
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results  even  when  sampled  as  far  as  250  resonance  widths  away.  The  Taylor-series  results  are  not  shown 
here  because  they  are  so  far  from  the  correct  curve. 


C.  Unequal-Arm  Vee-Monopole  Antenna 

A  still  more  challenging  case  is  presented  by  a  Vue  o:  forkod-monopole  antenna  having  arms  of 
unequal  length.  As  shown  in  Figure  4.  this  antenna  has,  fri  addition  to  the  monopole  resonance,  z  very 
sharp  parasitic  resonance  due  to  a  differential  (transmission-line)  current  mode  in  the  arms.  The  pat  rsitic 
resonance  corresponds  to  a  pole  very  close  to  the  real  axis  with  a  small  residue,  while  the  monopole 
resonance  has  a  pole  more  distant  from  the  real  axis  with  c  larger  residue.  This  situation  presents  a  severe 
challenge  to  the  rational-function  model  derived  from  the  current  and  four  derivatives.  When  matched  at 
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degrees],  the  rational-functnn  model  matches  the  monopole  resonance  with  good  accuracy.  The  second 
resonance  is  also  detected  albeit  with  very  poor  accuracy.  At  LAg  -  0.6b,  the  frequency  of  the  second 
resonance  is  determined  with  reasonable  accuracy,  but  the  conductance  is  still  negative.  At  LA#  -  C.7,  the 
parasitic  resonance  is  modeled  with  excellent  accuracy,  ss  seen  in  the  detail  plot  of  Figure  5.  Accuracy  is 
lost  in  the  rnonopole  resonance,  however.  The  sampling  intervals  in  LA#  for  the  solid  curves  were  0.003 
for  Figure  4  and  0.0005  for  Figure  5.  Performance  of  the  rational-function  rnodei  is  not  as  good  in  this  case 
as  in  the  previous  examples,  although  a  vory  substantial  reduction  in  sampling  density  can  be  achieved. 
We  might  also  observe  that  the  negative  conductance  and  changes  in  the  result  with  LAg  provide  an 
indication  of  whore  an  additional  sample  point  is  needed. 


V.  SOME  POSSIBLE  EXTENSIONS  AND  APPLICATIONS 

Attention  no  far  has  focussed  on  the  bade  concept  of  developing  an  finalyt'eal,  rational-function  form  fcr  an 
efootromagnetic  transfer  function  without  considering  the  possible  benefits  ut  doing  so  ocyond  reducing 
the  overall  computer  lirnt  needed  to  obtain  wideband  or  transient  responses.  We  discuss  briefly  below 
two  possible  benefits  beyond  computer-} into  reduction. 


A.  An  Admittance- Matrix  Function 

The  Importance  and  admittance  matricoi;  that  arise  in  tf.v  moment  method  may  bo  interpreted  as 


N -port-network  approximations  to  the  problem  being  modeled.  When  only  a  single  port  is  excited,  as  is  the 
case  for  most  antenna  applications,  then  the  current  vector  that  results  gives  the  self  and  mutual 
admittances  for  that  port.  Exciting  the  other  N-1  ports  one  at  a  time  similarly  provides  the  N(N-1)  remaining 
admittances.  Since  typical  problems  rarely  require  all  N2  admittances,  the  inverse  matrix  is  usually  not 
computed  arid  the  solution  is  developed  by  LU  decomposition,  or  iteration.  Whatever  excitation  is  used 
and  however  the  solution  is  developed,  the  procedures  outlined  above  can  provide  a  rational-function 
approximation  for  the  computed  response. 


A  logical  generalization  of  this  somewhat  limited  approach  is  to  represent  some,  or  all,  of  the 
admittance-matrix  coefficients  in  rational-function  form.  This  is  most  easily  done  by  either  computing  the 
inverse  of  the  impedance  matrix  if  all  N2  matrix  coefficients  are  desired,  or  alternatively,  computing  current 
vectors  caused  by  a  sequence  of  single-port  excitations.  Whichever  approach  is  used,  we  observe  that 
the  admittance  matrix  can  be  written  in  the  general  form 
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(14a) 

where  the  X’s  denote  the  admittances  that  have  not  been  computed,  and  the  yjj(s)  are  those  whose 


rational-function  forms  are  modeled.  Upon  observing  that  the  system  poles  are  analytically  the  same 
whatever  system  observable  has  been  used  to  obtain  them,  Eq.  (14a)  can  be  rewritten  as 
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(14b) 

where  1/D(s)  is  the  common  denominator  polynomial,  and  the  njj(s)  are  the  numerator  polynomials  for  each 
computed  admittance.  These  wouid  usually  be  found  as  column  vectors  since  for  single-port  excitation, 
solution  for  the  ipatial  current  yields  a  column  of  admittances. 


The  validity  of  Eq.  (14b)  derives  from  the  fact  that  the  mode  amplitudes  in  Eq.  (1)  are  the  only  pans  of  tne 
pole  response  which  are  excitation  dependent  while  the  poles  themselves  are  determined  solely  by  the 
properties  of  the  object  for  which  F(s)  has  been  obtained.  We  further  note,  based  on  Eq.  (2b),  that  if  F(c) 
and  D(s)  are  known,  then  the  corresponding  N(s)  is  obtained  from  their  product.  Thus  although  the 
response  (or  its  frequency  derivatives)  must  be  found  for  all  admittances  whose  rational-function  model  is 
desired,  this  would  not  require  repeated  solution  via  the  matrix  equations  (5)  or  (7).  Finally,  we  observe  that 
given  pari  or  all  of  the  admittance  matrix  in  the  form  of  Eq.  (14b),  computing  transient  responses  can  be 
made  much  more  efficient  and  convenient. 


.  B.  Adaptive  Frequency  Sampling 

We  mentioned  atxjvo  that  application  of  the  MBDE  approach  is  expected  to  work  best  when  the 
polynomials  are  of  relatively  low  order,  which  means  that  only  a  small  number  of  resonances  can  be 
spanned  by  a  given  model.  If  ’horefore  follows  that  two  or  more  sept  rate  rational-function  models  would  be 
needed  to  cover  a  frequency  interval  spanning  many  object  pries.  While  that  may  appear  to  be  a 
disadvantage,  it  does  provide  the  opportunity  of  developing  an  error  measure  and  establishing  a  strategy 
for  selixlir-g  tho  frequency  points  to  be  sampled. 


This  can  be  iiluJreted  conceptually  by  considering  two  rnodeis  M-j(s)  and  Nl2(s)  developed  from  samples 


<1 , . . . ,  fg  and  (3 . f7  respectively,  using  a  frequency-sampled  model.  In  their  region  of  overlap,  i.e.,  f3 

to  fg,  we  shouid  expect  that  some  measure  of  their  mismatch,  say  AM(s),  could  be  used  to  mutually  validate 
both  models.  This  should  also  provide  an  indication  about  whether  more  samples  are  needed  in  that 
region  [when  AM(s)  >  EJ,  or  whether  the  sampling  interval  should  be  increased  [when  AM(s)  <  E],  where  E 
is  a  maximum  acceptable  error.  A  similar  approach  could  be  employed  using  the  frequency-derivative 
model.  The  goal  in  either  case  would  be  to  automate  selection  of  the  frequencies  at  which  samples  of  the 
response  or  its  derivatives  are  computed  or  measured  while  ensuring  that  the  rational-function  model 
which  results  satisfies  some  specified  enor  criterion. 


VI.  CONCLUSIONS 

In  this  paper,  we  have  introduced  two  main  ideas: 

1)  Use  of  model-based  parameter  estimation  (MBPE)  based  on  rational-function  approximations 
when  obtaining  electromagnetic  transfer  functions  to  reduce  the  number  of  frequencies  at  which  samples 
are  required,  and 


2)  A  sampling  approach  which  employs  frequency  derivatives  of  the  response  using  a  new 
analytical  technique  based  on  differentiating  the  moment-method  impedance  equation,  and  which 
provides  the  derivative  information  in  a  time  proportional  to  N2  as  contrasted  with  the  N3  dependency  of 
solving  the  original  problem. 


Application  of  the  frequency-derivative  approach  has  been  demonstrated  for  problems  having  well-defined 
resonances  such  as  a  dipole  antenna  in  free  space,  and  for  more  challenging  problems  having  much 
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and  a  “forked"  monopole  whose  arms  are  slightly  different  in  length.  It  should  be  clear  that  MBPE  could 
develop  into  an  important  tool  for  not  only  increasing  the  efficiency  of  model  applications,  but  in  yielding 
more  physically  useful  representations  of  those  models. 
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Fig.  1.  luput  admittance  of  a  dipole  antenna  with  length  L  and  thickness  parameter 

0  =  10  modeled  w:th  21  segments.  Results  from  a  rational  function  model  ( - )  and 

Taylor  series  ( - •)  derived  from  4  derivatives  at  L/\0  are  compared  with  directly 

computed  values  ( - ■). 
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Fig.  3.  Input  admittance  of  a  dipole  antenna  with  length  L  and  thickness  parameter 
fl  =  15  at  height  L) 50  above  a  perfectly  conducting  ground.  Results  from  a  rational 

function  model  ( - -)  derived  from  4  derivatives  at  L/Xq  are  compared  with  directly 

computed  values  (— — * - ■). 
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Fig.  4.  Input  admittance  of  a  forked  monopole  antenna  with  legs  of  length  140  in  and 

150  m  separated  by  2.6  degrees.  Results  from  a  rational  function  model  ( - )  derived 

from  4  derivatives  at  L/\q  are  compared  with  directly  computed  values  ( - ■). 
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Fig.  5.  Input  admittance  of  a  forked  monopole  antenna  as  in  Fig.  4,  showing  an  expanded 
view  of  the  parasitic  resonance. 
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ABSTRACT 

The  acronym  MAFIA[Klatt.,  1986]  stands  for  the  solution  of  Maxwell’s 
equations  by  the  Finite  Integration  Algorithm  and  is  the  name  given  to  a  set 
of  codes  intended  for  use  in  the  computer-aided  design  of  three-dimensional 
magnets,  rf  structures,  and  structures  in  which  wake-field  effects  are  impor¬ 
tant.  This  paper  gives  a  brief  description  of  the  algorithms  employed  in  both 
the  time-  and  the  frequency-domain  3olvers  of  the  MAFIA  collection  of  codes. 
Examples  of  typical  accelerator  calculations  v/ill  be  presented. 

The  MAFIA  Codes 

Figure  1  shows  the  relationship  between  the  various  codes  in  the  MAFIA 
collection.  The  individual  codes  are  as  follows: 


•Work  supported  by  tbe  U.  S.  Department  of  Energy,  Office  of  High  Energy 
and  Nuclear  Physics. 


Fig.  1.  The  MAFIA  system  with  its  interrelationships.  Depending  on  the 
installation,  the  separate  direct  access  files  (c,g.,  Mafia-M3,  Mafia-R3,  etc.) 
may  be  one  single  file  that  is  simply  extended  by  consecutive  programs. 


M3  -  the  mesh  generator  used  by  all  the  MAFIA  codes 

S3  —  the  code  that  solves  electro-  and  magnetostatic  problems 

R3  —  the  code  that  generates  the  matrix  representation  of  Maxwell’s 
equations  for  rf  structures;  the  eigenvalues  and  eigenvectors  of  this  ma¬ 
trix.  give  the  frequencies  and  electric  field  components,  respectively,  of 
the  normal  modes  of  the  electromagnetic  oscillations  of  the  structure. 

E31  and  E32  —  the  codes  (only  one  is  u:ed  for  a  given  problem)  that 
solve  for  the  eigenvalues  and  eigenvectors  of  the  matrix  generated  by 
R3;  E31  is  based  on  a  sernianalytic  pr  eedure[Tuckmantel,  1985]  and 
is  a  modification  of  an  EISPACKjSn'j/.h,  1976]  routine;  E32  uses  a 
multigrid[Steffen,  1985]  method. 

P3  —  the  physics  postprocessor  that  calculates  the  quantities  of  physical 
interest,  such  as  shunt  impedance,  c;o  *dty  factor,  deflection  integrals, 

/if  e 
vuo. 

T3  -  the  wake- field  code 

W3COR,  W30UT,  W3FLS  ~  p  ad  processors  for  T3. 

The  collection  of  programs  M3,  R3,  EdT  or  E32,  and  P3  are  also  known  as 
URMEL-3D. 

The  FIT  Method 

The  Finite  Integration  Technique[Weiland,  1984,  Weiland,  1985]  is  an 
algorithm  that  produces  a  first-order  approximation  to  Maxwell’s  equations 
by  replacing  the  line  and  surface  integrals,  appearing  in  Faraday’s  law  and 
Ampere’s  law,  by  mean  field  values  times  path  lengths  and  areas,  respectively. 
Figure  2  shows  the  basic  cell  geometry  used  in  this  method. 

Note  that  the  electric  field  components  are  not  defined  at  a  single  point, 
but  at  the  midpoints  of  the  sides  of  the  rectangular  cells.  The  magnetic 
field  components  are  defined  in  the  center  of  the  faces  of  the  cells  and,  taken 
together,  form  a  mesh  dual  to  that  defined  for  the  electric  field.  Only  contin¬ 
uous  components  are  involved  in  the  assignment  of  field  values  to  the  mesh, 


Fig.  2.  Geometry  and  allocation  of  field  components  used  in  the  FIT  method. 

and  thus  the  cells  of  the  mesh  may  be  individually  filled  with  arbitrary  per- 
mittive  and  permeable  media.  Applying  tlue  FIT  method  to  a  mesh  of  N 
nodes,  we  can  write  the  discrete  form  of  Faraday’s  law  as 

CDse  =  DAb» 

where  e  and  b  are  vectors  of  length  3 N  that  represent  the  electric  field  and 
magnetic  induction,  respectively;  C  is  a  3 N  by  3 N  matrix  (containing  only 
the  values  0,  1,  and  -1)  that  corresponds  to  taking  the  curl  of  a  field;  D,  is 
a  3 N  by  3 N  diagonal  matrix  containing  the  lengths  of  the  sides  of  the  mesh 
cells;  and  is  a  3 N  fcy  3 N  diagonal  matrix  containing  the  areas  of  the 
mesh  cell  surfaces.  Similarly,  Ampere’s  law  can  be  written 

CD,h  =  DA(d+j), 

where  the  tilde  indicates  that  the  matrix  corresponds  to  the  dual  mesh.  When 
we  take  the  material  distribution  into  account  and  use  a  leapfrog  integration 
technique  in  the  time  variable,  we  find  the  recursive  algorithm  for  the  calcu¬ 
lation  of  time- dependent  fields: 

bn+l  =  bn  -«(DXxCD»)  en+x/2, 
en+3/2  en+i/2  +  st  (D^D^CD.D;1)  bn+1  -  St  D;1jn+\ 
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where  the  superscripts  refer  to  the  time  step  ( tn  =  nSi),  and  D(  and  DM  are 
diagonal  matrices  describing  the  filling  of  the  mesh  with  permittive  and  per¬ 
meable  media.  These  last  two  equations  are  solved  by  T3;  given  the  initial 
values  of  the  fields,  fields  at  a  subsequent  time  require  only  two  multiplica¬ 
tions  of  a  matrix  with  a  vector,  per  time  step. 

If  we  are  interested  in  free  oscillations  (i.e.,  undriven  oscillations)  of  the 
electromagnetic  field,  we  find  that  combining  Faraday’s  law  and  Ampere’s 
law  yields  a  linear  eigenvalue  problem  in  which  the  eigenvalues  are  the  squares 
of  the  angular  frequency  of  oscillation: 

(Dr1DX1CDaD;lDX1CDs)e  =  u>2e. 

For  the  practical  solution  of  this  eigenvalue  problem,  this  equation  can  be 
transformed  into  one  in  which  the  matrix  is  symmetric.  The  program  R3 
constructs  this  symmetric  matrix,  incorporating  material  distribution  and 
boundary  conditions  into  the  process  of  construction.  A  more  detailed  treat¬ 
ment  of  the  application  of  this  method  to  problems  of  electromagnetism  may 
be  found  in[Weiland,  1986]. 


Sample  Structures 

Both  the  time-domain  and  frequency-domain  solvers  have  been  used  to 
study  the  effects  of  cavity  asymmetries  due  to  a  waveguide  feed.  (See  Fig.  3.) 

We  have  also  been  using  the  frequency-domain  solver  to  study  asymme¬ 
tries  due  to  the  coupling  slots  in  a  side-coupled  cavity  (Figs.  4  and  5)  and  to 
understand  the  jungle  gym  slow-wave  accelerating  structure  (Fig.  6).  This 
latter  work  has  been  accepted  for  publication  in  Particle  Accelerators  [Loo, 


Fig.  3.  Cavity  used  to  study  the  effects  of  asymmetries  due  to  a  waveguide 
feed. 
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Fig.  4.  Drawing  of  one-half  of  a  side-coupled  cavity  accelerating  structure. 
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Fig.  5.  Computer  plot  of  the  electric  field  in  the  symmetry  plane  of  a  side- 
coupled  cavity. 


V 


Fig.  6.  A  computer  plot  of  one-quarter  of  a  three- cell  jungle  gym  acclerating 
structure. 


Availability 

The  MAFIA  codes  are  written  in  FORTRAN  77  and  currently  run  on  IBM 
3081,  CRAY,  and  VAX  computers.  They  are  also  available  to  approved  users 
in  executable  form  on  the  National  Magnetic  Fusion  Energy  Center  (NM- 
FEC)  computers.  For  more  information  contact  Carol  Tull  at  the  NMFEC 
(phone:  415-422-1556)  or  Therese  Barts  at  LANL  (phone:  505-667-9385). 

For  those  users  who  want  to  use  the  codes  at  their  own  installation, 
there  are  examples  of  three  graphics  interfaces  available:  DISSPLA  on  a  Los 
Alamos  Cray,  PLOT-10  on  the  DESY  IBM  3081,  PLOT-10  on  the  VAX- 
VMS,  and  GKS  on  the  DESY  IBM  3081.  The  codes  are  available  without 
charge  to  approved  nonprofit  organizations;  for  further  information  contact 
Thomas  Weiland  at  DESY  (Phone:  49-40-8998-3196).  users  may  not  modify 
nor  distribute  the  codes,  and  they  are  asked  to  be  friendly  and  sometimes 
patient.  Users  at  other  than  nonprofit  institutions  should  contact  DESY  for 
special  contractual  arrangements. 

Documentation[Cooper,  1987]  may  be  obtained  by  writing  the  following 
address: 

Los  Alamos  Accelerator  Code  Group 
AT-6,  Mail  Stop  H-829 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

The  phone  number  is  505-667-2839. 
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ABSTRACT 

The  present  implementation  of  MININEC  <NGSC  TD  933 )  has  a 
heur i st i cal  1 y  determined  correction  to  the  kernel  for  closely  spaced 
wires.  The  approach  provides  acceptable  answers  for  a  wide  range 
of  spacing  for  parallel  wires,  as  shown  in  TD  933.  However,  the 
approach  breaks  down  for  connected  wires  that  form  an  acute  included 
angle.  This  paper  outlines  an  alternative  approach  to  evaluating  the 
exact  kernel  and  demonstrates  that  this  problem  has  been  corrected. 


SUMMARY 


The  method  of  moments  solution  used  in  MININEC  is  based  on 
an  integral  equation  relating  the  incident  field  to  the  scalar  and 
vector  potentials  [1,2,31: 

-ZTmc-  s  -  -  jaj  A  -  §  -  §  •  V<£  <  1  ■' 

where  the  scalar  and  vector  potentials  are  defined  in  the  usual 
manner  as: 
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vhere  the  integration  is  along  the  length  s  of  the  wire  and 
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In  MININEC,  the  charge  is  removed  using  a  difference  relation  based 
on  the  continuity  equation: 
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A  method  of  moments  Galerkin  procedure  using  pulse  expansion 
functions  is  used  in  MININEC  to  produce  a  1  inear'  set  of  equations 
that  are  expressed  in  matrix  form.  Each  matrix  element  associated 
with  the  nth  current  pulse  and  the  Sm  observation  point  on  the  wire 
surface  involves  scalar  and  potential  terms  with  integrals  of  the 
form : 


where 


a i.o  where 


r 


m 


sin 


»(iY| 

\2i\ 


i/2 


<  6) 


<  S  > 


Because  of  the  singularity  at  r=0  ,  the  integration  in  ( 6'/  must  be 
carried  out  with  special  care.  The  1/r  term  is  subtracted  from  the 
integrand  and  then  added  as  a  separate  term  to  yicla: 
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The  first  integral  is  evaluated  numerically  since  th*  singularity 
has  bejn  renrioved.  The  second  is  rewritten  as  an  elliptic  integral 
ot  the  first  kind  and  evaluated  following  a  procedure  given  by 
Abrainowi  tz  and  Stegun  [43. 

This  approach  works  well  for  many  cases  as  demonstrated  in 
TD  938.  But  the  difficulty  is  encountered  when  the  spacing  between 
wires  is  close  to  the  wire  size  giving  rise  to  err  on  e  ou  s  r  e  su 1 t  s . 
For  example,  Table  I  gives  the  impedance  given  by  MININEC<3>  for  a 
bent  wire  antenna  for  included  angles  from  2  to  90  degrees.  The 
results  for  2  and  10  degrees  are  suspect. 
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For  the  case  of  two  closely  spaced  wires: 


R  -  yj[{s  -  s')2  +  p2  +  a  2  -  2pa,cos0] 


<10) 


as  illustrated  in  Figure  1.  As  R  becomes  small,  the  integrand  of  (7) 
although  not  yet  singular,  peaks  out.  The  approach  is  similar  to 

treating  the  singularity.  The  1/R  term  is  subtracted  -from  the 
integrand  arid  then  added  as  a  separate  term: 
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The  -first  integral  is  carried  out  numerically  as  before.  The  second 
integrand,  after  some  algebra,  becomes: 
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where  rf— ,/?  j  is  an  elliptical  integral  of  the  first  kind  and 
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When  p  is  close  in  value  to  a,  and  as  s  approaches  s',  (12)  become 
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By  substitution,  (11)  becomes: 


and  finally: 
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A  more  detailed  discussion  o f  this  procedure  may  be  found  in  C53  . 

Table  2  shows  the  impedance  given  by  MININEC  with  the  new 
exact  kernel.  The  data  for  included  angles  of  30  to  90  degrees  is 
the  same  as  Table  1,  but  the  data  for  2  and  10  degrees  is  more 
reasonable  (especially  at  2  degrees).  The  new  Kernel  gives  the 
expected  results. 


REFERENCES 


Cl]  A.J,  Julian,  J.C.  Logan,  J.W.  Rockway,  "MININEC:  A 
M i n i -Numer i ca I  Electromagnetics  Code",  NOSC  TD  516, 

September  1932. 

C23  S.T.  Li,  J.C.  Logan,  J.W.  Rockway,  D.W.  Tam,  M  i  cr  ocompu  t  er 
Tools  for  Communications  Engineering,  Chapter  4,  Artech 
House,  Inc.,  Dedham,  MA . ,  1984. 

[33  J.W.  Rockway  and  J.C.  Logan,  "The  New  MININEC  (Version  3> :  A 
M i n i -Numer i cal  Electromagnetics  Code",  NOSC  TD  933,  September 
1936. 


L  43  M.  Abramowi tz  and  I.  Stegun,  A  First  Course  in  Numerical 
Analysis,  McGraw-Hill,  New  York,  1965. 

C53  J.W.  Rockway,  J.C.  Logan,  S.T.  Li  and  D.W.S.  Tam,  The  MININEC 
SYSTEM:  M i cr ocompu ter  Analysis  of  Wire  Antennas,  Artech  House, 
Inc.,  1 938 . 


TABLE  1 . 


Impedance 

predicted 


a  bent  wire 
M IN I NEC C  3) . 


antenna 


Q»  * 


f  *  31.  S  MHe 
N*  8  s£g./W»a.£ 


.001  IH 


oc 

j  IMPEDANCE  (OHMS) 

90 

42.19  -j 

16.41 

60 

21.23  -j 

55 . 89 

45 

12.33  -j 

76.77 

30 

5.46  ~j 

96.07 

10 

0 . 7 1  4  -j 

1449. 

2 

-0.00403  -j 

303.9 

-  -1 


TABLE  2.  Impedance  of  a  bent  wire  antenna 
predicted  by  MININEC  with  the  new 
kernel  . 
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Figure  Geometry  for  observation  point  near  source  segment 


Numerical  Integration  Schemes  for  Calculating  the  Fourier 
Coefficients  of  the  Free  Spnce  Green’s  Function 


Mr.  John  C.  Peterson 
Photon  Research  Associates,  Inc. 
3377  N.  Torrey  Pines  Ct.  Suite  300 
La  Jolla,  California  92037 
Phone:  (619)  455-9741 
FAX:  (619)  455-0658 


This  paper  is  a  summary  of  the  author’s  experience  with  various  numerical  integration  methods  for 
computing  the  Fourier  coefficients  of  the  free  space  Green's  function,  an  important  aspect  of  body  of  revolution 
(BOR)  algorithms  used  for  antenna  and  scattering  problems.  The  algorithms  used  in  popular  BOR  codes 
were  compand  with  other  methods  in  use.  Issues  such  as  accuracy,  robustness,  and  efficiency  were  addressed 
as  well  as  the  ease  of  use  and  implementation.  T  he  suitability  of  various  methods  for  use  on  vector  computer 
hardware  was  also  examined  in  view  of  the  enormous  potential  for  increased  efficiency. 

When  applying  moment  method  techniques  tc  structures  with  rotational  symmetry  one  takes  advantage 
of  the  fact  that  the  incident  fields  and  unknown  surface  currents  are  periodic  functions  of  the  body  azimuth 
angle  yi.  Hence  these  quantities  can  be  expanded  in  Fourier  series.  The  Fourier  components  of  the  unknown 
currents  can  be  decoupled,  and  it  is  possible  to  solve  for  each  of  them  independently.  This  requires  that 
we  determine  the  coefficients  in  the  Fourier  expansion  of  the  free  space  Green’s  function.  If  t  denotes  the 
tangential  coordinate  along  the  curve  which  defines  the  structure  geometry,  the  series  expansion  is 
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where  the  primed  variables  correspond  to  the  source,  and  the  unprimed  variables  correspond  to  the  observer. 
Severs!  characteristics  of  the  Green’s  function  allow  simplifications  of  the  above  integral  which  reduce  the 
computational  effort  required  to  compute  it.  Since  the  Green’s  function  is  an  even  function  about  o  =  0, 
one  only  needs  to  consider  the  cos(ma)  component  of  e~]ma.  This  also  permits  a  further  reduction  in  effort 
by  computing  the  integral  over  the  interval  [0,  k]  and  then  multiplying  the  result  by  two.  This  reocces  to  the 
following  integral 


Gm{t,t')  =  2  J  G(t,i' ,a)  cos(ma)  da 


It  is  worth  stopping  for  a  moment  to  review  the  physical  significance  of  the  Green's  function,  and  the 
interpretation  of  the  Fourier  integral  above.  The  Green's  function  represents  the  field  observed  at  a  given 
point  due  to  an  infinitesimal  current  source  somewhere  on  the  surface  of  the  structure.  The  Fourier  integral 
represents  the  field  observed  at  a  given  point  with  tangential  coordinate  i  dut  to  all  the  sources  with  azimuth 
a  €  [— and  tangential  coordinate  t' .  When  the  source  and  observation  points  are  electrically  far  away 
from  one  anothei  in  terms  of  tangential  coordinates,  the  magnitude  of  the  Green's  function  is  small  and 
the  phase  wi’l  vary  slowly.  The  opposite  extreme  occurs  when  the  tangential  coordinate  of  the  source  and 
observer  are  the  same.  Here,  the  Green’s  function  is  singular  as  the  difference  in  the  azimuth  of  the  points 
goes  to  zero.  If  the  structure  has  an  electrically  large  radius,  the  phase  of  the  Green’s  function  can  vary 
rapidly  as  a  function  of  the  azimuth  angles.  The  integrals  associated  with  coincident  observation  and  source 
tangential  coordinates  are  usually  called  the  "self-terms". 

Accurate  calculation  of  the  Fourier  integrals  is  important  in  the  sense  that  integration  errors  have  an 
adverse  effect  on  the  conditioning  of  the  impedance  matrix  that  must  be  solved  to  find  the  currents,  Even 


assum*"',  exact  calculation  of  the  integrals,  the  machine  precision  will  eventually  place  a  limit  on  the  electrical 
size  oi  objects  that  can  be  accurately  modeled.  Beyond  a  certain  electrical  size,  the  condition  number  of  the 
impedance  matrix  will  be  too  large  to  be  accurately  solved.  I  have  found  the  estimate  of  the  condition  number 
of  the  impedance  matrix  provided  by  the  solution  routine  CGECO  from  the  SLATEC  library  quite  valuable 
in  cases  where  the  solution  accuracy  may  be  in  question.  It  is  also  helpful  in  identifying  bad  conditioning  of 
the  impedance  mat'ix  due  to  inaccurate  calculation  of  the  Fourier  integrals.  There  is  of  course  slightly  more 
expense  associated  with  the  estimation  of  the  matrix  condition  number. 

The  singularity  of  the  integrand  in  the  calculation  of  the  self  terms  can  be  handled  quite  nicely  by  the 
singularity  extraction  technique.  In  this  approach,  one  subtracts  the  asymptotic  behavior  at  the  singularity 
from  the  integrand.  The  resulting  quantity  is  well  behaved  so  that  numerical  integration  can  be  used,  the 
asymptotic  term  is  then  integrated  analytically  and  the  result  added  back  in.  A  complete  derivation  of 
the  analytical  integration  can  be  found  in  (Simple  and  Efficient  Numerical  Techniques  for  Treating  Bodies 
of  Revolution,  fi.  Glisson,  D.  Wilton,  University  of  Mississippi  Technical  Report  105,  Revised  1982).  The 
analytical  integration  requires  the  evaluation  of  the  complete  elliptic  integral  of  the  first  kind  K(sin<(>), 
where  <f>  is  the  modular  angle.  The  elliptic  integral  can  be  evaluated  quite  inexpensively  ^sing  one  of  several 
expansions  that  can  be  found  in  (  Handbook  of  Mathematical  Functions,  M  Abramowitz,  I.  Sttgun,  Dover 
Publications  ).  The  expans. ons  17-3-33  and  17-3-34  are  quite  accurate  and  only  require  the  evaluation 
of  two  polynomials  and  computation  of  one  logarithm.  (  A  note  of  caution,  I  found  the  notation  used  by 
Abramowitz  and  Stegun  to  be  somewhat  confusing,  and  it  is  not  immediately  apparent,  but  the  expansions 
given  are  really  for  K(ain2<j>)  ).  My  experience  has  shown  that  singularity  extraction  is  well  worth  this  small 
added  expense. 

It  is  worth  regressing  for  a  moment  to  review  the  characteristic  features  of  desirable  numerical  inte¬ 
gration  techniques.  Although  these  are  obvious  to  most  of  us,  it  is  helpful  to  keep  in  mind  the  characteristics 
that  are  most  important  to  us  when  selecting  a  method,  as  there  it  no  one  best  technique!  In  brief,  »  good 
algorithm  should  be  accurate,  robust,  efficient,  and  easy  to  implement  and  use.  The  issue  of  accuracy  usu¬ 
ally  revolves  around  the  existence  of  some  form  of  dependable  error  control.  By  robust,  we  mean  that  the 
method  should  have  a  high  probability  of  providing  an  answer  within  desired  error  bounds  A  method  which 
is  efficient  would  be  even  more  ideal  if  the  amount  of  computational  effort  involved  is  fairly  predictable  in 
advance.  Finally,  we  would  prefer  an  algorithm  which  is  easy  to  implement  in  software,  and  one  that  is  fairly 
straight  forward  to  operate  from  the  code  user’s  point  of  view. 

In  t»>e  popular  body  of  revolution  (BOR)  codes  in  general  use  today,  two  distinct  integration  methods 
are  often  us^d.  One  method  is  Gauss-legendre  quadrature,  often  called  just  Gaussian  quadrature,  used  in  the 
codes»written  by  Harrington  and  Mautz.  The  other  method  in  common  use  is  an  adaptive  techniqu-  based 
on  the  composite  trapezoidal  rule.  This  method  is  used  in  most  of  the  codes  written  by  Glisson,  and  Wilton. 
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Quadrature  methods  are  those  methods  which  approximate  the  integral  by  a  weighted  sum  of  the 
function  evaluated  at  specified  abscissa  points  ir.  the  interval  of  integration,  Without  any  loss  of  generality 
we  can  assume  that  the  interval  of  integration  is  [-1,4-1],  Specifically  we  would  have 
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Almost  all  familiar  numerical  integration  techniques  are  in  fact  quadrature  techniques,  the  composite  trape¬ 
zoidal  and  Simpson's  rule  for  example.  In  a  certain  sense,  Gauss-Legendre  quadrature  is  an  optimal  quadrature 
technique.  Specifically,  Gauss-legendre  quadrature  will  exactly  integrate  polynomials  of  maximal  degree  over 
all  admissible  real  values  for  the  weights  and  abscissas.  The  n  point  rule  will  exactly  integrate  polynomials 
of  degree  less  than  or  equal  to  2n  —  1.  At  first  glance.  Gauss  quadrature  might  appear  to  be  somehow 
unsophisticated.  However,  if  one  looks  closer  at  the  derivation  for  the  Gauss  weights  and  abscissas,  one  finds 


that  the  method  is  beautifully  elegant.  The  abscissa  points  are  the  roots  of  the  Legendre  polynomial  of  degree 
n,  which  we  denote  by  Pn( x).  The  weights  are  given  by  the  following  integral 
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The  Gauss-Legendre  abscissas  and  weights  are  available  from  several  well  known  mathematics  handbooks, 
in:ludinf  (  Handbook  of  Mathematical  Functions,  M.  Abramowitz,  I.  Stcgun,  Dover  Publications  ). 

Gauss-Legendre  quadrature  is  itself  very  efficient,  and  it's  usage  is  conducive  to  a  number  of  additional 
optimizations  to  BOR  algorithms.  When  calculating  the  Fourier  integrals  required  to  assemble  the  impedance 
matrix  we  will  be  evaluating  the  Green's  function  at  the  same  angles  for  all  source  and  observation  points. 
This  permits  the  calculation  of  the  angles  a  and  the  quantities  cos(a),  3tn(a), cos(ma),  sin(ma)  ahead  of 
time  and  storing  them  for  later  use.  This  represents  a  sizable  time  savings  on  just  about  any  computer.  Gauss 
quadrature  is  also  more  compatible  with  attempts  to  vectorize  the  entire  matrix  assembly  calculation.  This 
wih  be  discussed  in  more  detail  later  on. 

As  noted  above  Gaussian  quadrature  is  very  accurate  for  the  given  number  of  abscissa  points  or 
function  evaluations.  One  problem  with  quadrature  is  the  absence  of  some  form  of  simple  and  dependable 
erior  control.  The  casual  user  of  a  body  of  revolution  code  is  confronted  with  the  question;  Just  how  many 
of  these  darn  points  do  I  need?  The  absolute  integration  error  for  quadrature  rules  can  be  estimated  if  the 
behavior  of  the  higher  order  derivatives  of  the  integrand  are  known.  For  the  n  point  Gauss  rule  the  absolute 
error  En  is  given  by  the  following  expression 

En  =  CnfW(V)  ,  r,  €[-!,+!] 
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The  point  r;  where  the  derivative  is  evaluated  is  some  point  that  will  depend  on  the  behavior  of  f(x).  From 
the  above  error  expression  it  is  easy  to  see  that  polynomials  of  degree  2n  -  1  will  be  integrated  exactly,  since 
the  derivative  of  degree  (2n)  will  vanish  everywhere.  The  multiplicative  constant  that  appears  in  the  error 
expression  can  be  calculated  with  a  little  effort.  The  constant  values  were  calculated  for  Gauss-Legendre  rules 
up  to  the  64  point  rule,  and  can  be  found  tabulated  in  Appendix  I. 

We  consider  a  specific  example  of  estimating  the  absolute  integration  error.  In  most  practical  cases 
the  calculation  of  the  derivatives  f(7n)(x)  is  rather  intractable,  especially  for  large  n.  However  the  simple 
trigonometric  functions  readily  lend  themselves  to  repeated  differentiation.  Consider  the  function  cot{fuf>).  It 
is  easy  to  differentiate  repeatedly,  and  it’s  oscillatory  characte'  is  not  terribly  far  removed  from  the  behavior 
of  the  actual  Green’s  function.  Consider  the  integral 
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where  a  change  of  variables  was  used  to  convert  the  integration  interval  to  If  we  differentiate  the 

integrand  of  the  second  integral  2 n  times,  we  will  obtain  some  constant  times  the  los  function,  Even  though 


we  don't  know  the  point  ij,  we  know  that  the  absolute  value  of  the  cosine  function  is  bounded  by  unity. 
Hence  we  can  bound  the  absolute  value  of  the  error  by  the  expression 

|£n|<(f}:"  +  1(M)2" 

Keep  in  mind  that  this  is  the  absolute  error,  and  not  the  relative  error.  As  a  specific  numeric  example  consider 
applying  the  Causs-tegendre  32  point  rule  to  the  function  above  with  p.  =  16.  For  this  example,  the  error 
bound  is  roughly  1  x  ^O-18,  an  impressive  error  figure  for  the  small  amount  of  computation  involved  ! 

The  estimation  of  integration  error  when  using  quadrature  rules  in  actual  BOR  algorithms  by  use  of 
the  abo>'e  expression  is  a  formidable  task.  The  tree  space  Green's  function  c»:r  be  differentiated  a  few  times 
by  someone  who  is  studious,  but  the  calculation  of  high  order  derivatives  is  not  really  practical.  If  one  keeps 
the  derivation  in  perspective,  a  "ball  park"  estimate  for  /(2n)(x)  is  not  impossible  to  arrive  at.  We  consider 
the  worst  case  of  the  self-terms,  then  by  using  a  few  approximations  we  arrive  at  the  following  estimate  for 
the  absolute  error  in  the  coefficients  for  Fourier  mode  m  when  using  the  n  point  Gauss-Legendre  rule 


|£»l<sc„(-) 


5  iin+i 


(m  +  Air™,,*) 


in 


where  rmax  is  the  largest  radial  dimension  of  the  body  being  modeled.  This  estimate  is  less  reliable  if 
singularity  extraction  is  not  being  used.  In  that  case  the  derivatives  are  unbounded  for  self-terms,  and 

error  estimates  are  not  theoretically  possible.  The  absence  of  explicit  error  control  for  quadrature  methods 
has  made  popular  the  use  of  certain  adaptive  methods,  and  this  will  be  our  next  topic  of  discussion. 

Integration  methods  that  try  to  make  educated  guesses  about  the  behavior  of  the  integrand  and  adjust 
accordingly  are  usually  called  adaptive  methods.  There  are  many  very  reliable  adaptive  routines  available 
for  general  application.  The  SLATEC  library  contains  many  well  tested  routines  that  are  based  on  adaptive 
methods,  and  several  of  these  will  be  discusied  later.  We  will  next  discuss  an  adaptive  technique  that  is  used 
in  several  popular  BOR  codes,  namely  the  adaptive  trapezoidal  rule. 

The  composite  trapezoidal  rule  is  one  of  the  most  familiar  integration  techniques.  The  integration 
interval  [a,bj  is  divided  into  equally  spaced  intervals  of  length  h.  The  function  f{x)  being  integrated  is 
approximated  in  a  linear  fashion  over  each  interval.  If  [a,  b]  is  divided  into  n  equal  intervals  the  corresponding 
trapezoidal  rule  estimate  which  we  denote  by  Tn(f)  is  given  by  the  expression 


Tn(f)  =  h[-f(xo)  +  /(*!)+  ••■  +  /(  = 
x ,  — •  a  +  ih 
h  1 


-l)  +  ^f(xn)] 


The  basic  trapezoidal  rule  can  be  made  adaptive  quite  easily.  The  basic  idea  is  to  compute  a  sequence  of 
estimates  Ti(f),  •  •  • ,  T„(f),  T2n(f).  The  sequence  is  calculated  until  the  absolute  value  of  the  difference 
between  successive  estimates  |T2Tl(/)  —  Tn(/)|  is  less  than  some  desired  error  tolerance.  One  advantage  of 
this  approach  is  that  by  using  a  nested  sequence  of  function  evaluation  points,  the  function  evaluations  used 
to  compute  Tn(f)  can  .Iso  be  used  to  calculate  the  more  accurate  estimate  Tan(/). 

Although  the  trapezoidal  rule  is  very  easy  to  implement  in  software,  the  convergence  rate  is  quite  slow 
compared  to  other  available  methods.  However,  an  improvement  to  this  method  can  be  made  with  some 
knowledge  of  the  exact  nature  of  the  integration  error  present  in  the  trapezoidal  rule.  The  absolute  error  for 
subintervals  of  length  h  is  given  by 

B,  =  1 +  £>(/,<) 


Notice  that  the  term  that  multiplies  Ir  does  not  change  as  h  itself  is  varied.  Hence,  if  one  doubles  the 
number  of  subintervals,  the  error  is  improved  by  roughly  a  factor  of  four.  A  little  algebra  shows  that  the 


successive  estimates  Tn{f),Tm{f)  can  be  used  to  estimate  the  h 2  error  term  and  then  use  it  to  improve  the 
answer!  The  resulting  rule  converges  much  more  rapidly,  however  it  can  be  adversely  affected  by  arithmetic 
round  off  errors.  This  technique,  used  to  improve  the  convergence  rate  of  many  other  numerical  methods  is 
known  as  Richardson  extrapolation.  The  resulting  integration  technique  is  called  Romberg  integration.  Most 
good  numerical  analysis  texts  contain  programs  for  Romberg  integration,  or  if  you  have  the  iMSL  library,  you 
can  use  the  well  tested  routine  DCADRE. 

The  user  should  proceed  with  caution  when  using  any  of  the  above  methods  derived  from  the  trape¬ 
zoidal  rule  when  attempting  to  integrate  trigonometric  "like”  functions.  Because  the  sample  points  are  evenly 
spaced,  these  can  sometimes  coincide  with  zeros,  or  extrema  of  the  trig  functions.  For  example,  the  rested 
trapezoidal  rules  will  fail  when  one  tries  to  integrate  ain(ma)  on  the  interval  [0,  zr]  for  large  even  values  of 
m.  These  methods  are  not  unique  in  this  respect,  no  method  is  totally  fool  proof.  It  is  easy  to  construct 
pathological  functions  for  any  specific  technique  that  will  completely  "fool''  the  method!  Just  keep  track 
of  the  points  (x,',gfc)  that  your  favorite  integration  routine  evaluates  your  favorite  function  at.  Consider  all 
polynomials  of  sufficiently  high  degree  which  pass  through  all  the  chosen  (ztl  y,)  points.  The  given  method 
will  produce  the  same  answer  when  any  one  of  these  polynomials  is  integrated.  Thus  one  can  find  functions 
where  the  integration  error  is  arbitrarily  large! 

In  searching  for  good  integrators  for  use  on  the  Green's  function  a  number  of  routines  from  the 
SLATEC  library  were  experimented  with  by  the  author.  The  routine  GAUS8  was  applied  to  a  number  of  test 
cases  with  quite  favorable  results.  GAUS8  is  based  on  the  8  point  Gaussian  quadrature  rule  together  with 
subdivision  of  the  integration  interval  to  obtain  an  error  estimate  less  than  the  user  specified  tolerance.  The 
QUADPACK  subset  of  routines  of  SLATEC  contains  modules  for  a  very  wide  variety  of  general  applications, 
including  integrations  of  singularities!  A  number  of  QUADPACK  routines  based  on  a  little  known  and  very 
interesting  method  will  be  our  next  topic. 

Adaptive  rules  which  use  nested  sequences  of  evaluation  points  enjoy  a  certain  degree  of  economy 
not  shared  by  other  methods.  The  Gauss-Legendre  rules  are  such  that  higher  order  rules  don't  share  any 
common  evaluation  points  except  for  zero  in  the  rules  that  have  an  odd  number  of  points.  Unknown  to 
most  of  us,  there  exist  optimal  extensions  of  the  ordinary  Gauss-Legendre  rules  where  the  abscissa  points  are 
nested.  The  Gauss-Kronrod  rules  are  optimal  2 n  +  1  point  extensions  of  the  plain  n  point  Gauss-legendre 
rule.  The  weights  in  the  2n+  1  point  rule  are  different  from  those  in  the  n  point  Gauss-Legendre  rule,  but  this 
not  not  significantly  impact  the  economy  associated  with  using  the  "old”  function  values.  These  two  nested 
rules  provide  the  levels  of  accuracy  associated  with  optima)  quadrature  rules,  together  with  the  availability 
of  comforting  error  estimates.  Note  that  because  we  have  n  predefined  abscissa  points,  the  ?.n  -f  1  point 
Gauss-Kronrod  rule  will  exactly  integrate  polynomials  of  degree  3r»  ■+  1,  making  it  less  accurate  than  the 
corresponding  Gauss-Legendre  rule  with  the  same  number  of  points,  but  still  very  accurate.  These  inte’esting 
new  methods  are  already  implemented  in  the  QUADPACK  package  in  the  SLATEC  iibrary.  I  here  are  several 
routines  which  compute  the  integral  using  a  fixed  Gauss-Kronrod  rule,  and  returns  an  estimate  of  the  error. 
The  rules  with  15,21,31,41,51,  and  61  points  are  implemented  in  modules  QK15  ,  •  •  •  ,  QK61.  These  routines 
appear  to  be  ideal  for  the  user  that  just  wants  some  feedback  on  the  levels  of  integration  error,  and  is  willing 
to  accept  the  penalty  of  recomputing  a  problem  that  fails  expectations,  The  predictability  of  computational 
effort  here  is  also  an  enormous  advantage  in  some  situations.  In  addition  QUADPACK  contains  the  routines 
QAG,  and  QAGE  which  employ  the  Gauss-Kronrod  rules  together  with  adaptive  subdivision  of  the  integration 
interval  to  obtain  an  answer  with  an  error  estimate  less  than  some  user  specified  error  tolerance.  These 
routines  appear  best  suited  to  the  user  that  demands  accuracy  and  is  prepared  to  accept  some  additional 
computational  effort  in  the  cases  were  it  is  required.  The  theory  associated  with  these  techniques  discussed 
above,  along  with  interesting  additional  references  can  be  found  in  (  QUADPACK  ,  A  Subroutine  Package 
for  Automatic  Integration,  R.  Piessens,  E.  de  Donker-Kapenga,  C.  Uberhuber,  D.  Kahaner,  Springer-Verlag, 
1983  ). 

A  comparison  of  several  adaptive  solvers  can  be  found  in  Appendix  If.  The  adaptive  trapezoidal  rule, 
Romberg  integration,  and  the  SLATEC  routines  GAUS8  and  QK41  were  all  used  to  numerically  calculate 
the  first  few  Fourier  coefficients  of  the  function  coa(fup).  This  fjnetion  was  chosen  because  it’s  oscillatory 
character  is  similar  to  the  free  space  Green's  function,  and  the  coefficients  can  be  computed  analytically  to 


facilitate  actual  error  calculations.  The  Fourier  series  which  can  be  found  in  most  handbooks  is 


coa(/xx) 


2fiain(n*)  .  1  coa(x) 
x  (  V  + 


cos(2x)  cos(3z) 

22  -  ^  +  3 


where  /i  cannot  be  an  integer.  The  tables  in  Appendix  II  show  the  first  twenty  computed  Fourier  coefficients 
for  several  values  of  /x.  Also  shown  are  the  actual  absolute  errors  for  each  solver,  and  the  number  of  function 
evaluations  required.  The  adaptive  solvers  were  given  a  relative  error  tolerance  of  10~*.  Examination  of 
the  table  clearly  demonstrates  the  more  rapid  convergence  rate  of  Romberg  integration  verses  the  adaptive 
trapezoidal  rule.  The  errors  present  in  the  Romberg  results  show  that  the  convergence  test  used  by  most  such 
solvers  cannot  always  insure  that  the  actual  error  will  be  less  than  the  user  prescribed  tolerance.  The  error 
levels  obtained  from  the  quadrature  based  routines  demonstrate  the  superior  efficiency  of  these  methods.  The 
qualitative  nature  of  these  results  is  very  much  in  agreement  with  the  author's  experience  with  actual  BOR 
calculations  based  on  these  same  routines. 


With  the  advent  of  vector  computers  such  as  the  CRAY-XMP  ,  dramatic  improvements  in  execution 
times  are  possible  for  properly  structured  algorithms.  Execution  of  vectorized  code  can  be  as  much  as  500 
times  faster  than  equivalent  scalar  code.  At  this  point  in  time,  there  appears  to  be  plenty  of  improvement 
possible  in  the  vectorization  of  BOR  algorithms.  The  matrix  solution  process  already  vectorizes  almost 
automatically.  The  matrix  assembly  process,  which  accounts  for  a  significant  percentage  of  the  total  effort, 
is  an  area  where  significant  improvement  is  possible.  None  of  the  popular  codes  in  use  today  are  structured 
such  that  the  impedance  matrix  assembly  calculation  will  vectorize.  Idealy,  we  would  like  to  vectorize  over 
source  and  observer  pairs.  This  would  mean  that  the  inner  DO  loops  of  the  code  would  be  over  segments, 
but  the  popular  codes  in  use  today  are  such  that  these  loops  are  on  the  outside.  The  situation  is  slightly 
complicated  by  the  fact  that  the  self  terms  are  treated  differently  than  the  other  terms,  however  vectorization 
is  still  possible.  Although  implementation  of  vectorized  adaptive  integrators  is  not  impossible,  the  presence 
of  IF  statements  in  many  of  the  DO  loops  make  the  task  greatly  more  complex  than  vectorizing  the  simple 
quadrature  rules.  It  appears  that  the  easiest  way  to  construct  a  vectorized  integration  algorithm  is  to  use 
quadrature  based  techniques.  The  Gauss-Kronrod  rules  in  particular  seem  to  be  very  well  suited  to  this. 


In  summary  we  have  seen  that  several  improvements  in  integration  methods  are  possible  over  methods 
now  in  common  use.  Many  accurate  and  more  efficient  adaptive  techniques  are  available  to  the  user  that 
demands  specific  levels  of  integration  accuracy.  For  the  user  that  demands  maximum  efficiency,  the  optimal 
quadrature  rules  are  unsurpassed.  In  particular,  the  relatively  unknown  Gauss-Kronrod  rules  can  provide 
efficient  and  accurate  results  with  error  estimates  to  evaluate  the  accuracy  of  integration  on  specific  problems. 
It  is  the  author  s  hope  that  these  methods  gain  recognition  in  the  computational  physics  community. 


Appendix  I 


Error  Constants  Cn  for  Gauss-Legendre  Quadrature 


En=Cn-  fW(r,) 


1  3.333330-001 

2  7.40741D-003 

3  6.34921  D-005 

4  2.87946D-007 

5  8.07929D-010 

6  1.54087D-012 

7  2.12743D-015 

8  2.22477D-018 

9  1.82325D-021 

10  1.202510-024 

11  6 .520560-028 

12  2.958290-031 

13  1.13949D-034 

14  3.772970-038 

15  1.08539D-041 

16  2.73804D-045 

17  6.10607D-049 

18  1.212460-052 

19  2.15736D-056 

20  3.45947D-060 

21  5  02530D-064 

22  6.64363D-068 

23  8.02750D-072 

24  8.89959D-076 

25  9.08485D-080 

26  8.56732D-084 

27  7.48625D-088 

28  6.078440-092 

29  4.597890-096 

30  3.24800D-100 

31  2.14757D-104 

32  1.331900-108 


33  7.76346D-113 

34  4.26094D-117 

35  2.20591D-121 

36  1.07900  0-125 

37  4.994410-130 

38  2.19091D-134 

39  9.12118D-139 

40  3.60862D-143 

41  1.35846D-147 

42  4.87182D-152 

43  1.66638D-156 

44  5.44211D-161 

45  1.69875D-165 

46  5.07330D-170 

47  1. 45100  D-174 

48  3.977970-179 

49  1. 04628  D- 183 

50  2.64239D-188 

51  6.412940-193 

52  1.4968  ID- 197 

53  3.36240D-202 

54  7.274780-207 

55  1.516970-211 

56  3.05077D-216 

57  5.92107D-221 

58  1.10973D-225 

59  2.00965  D-230 

60  3.51854D-235 

61  5.95917D-240 

62  9.76849D-245 

63  1.55065D-249 

64  2.384880-254 
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FOR  LAYERED  MEDIA  GREEN’S  FUNCTIONS 


Bradley  L.  Brim  and  David  C.  Chang 
ECE  Department  -  Electromagnetics  Laboratory 
University  of  Colorado 
Boulder,  CO  80309-0425 


The  name  of  Sommerfeld  has  come  to  be  associated  with  a  general  class  of  integral  often  found  in 
electromagnetics  and  other  fields  of  applied  physics.  The  form  of  such  integrals  may  be  written  as 

g(r>z)  =  /°°  G(X)  J  (rA)  exp(-uz)  dX  (1) 

o  v 

with  u  =  (X2  -K2  . 

The  necessity  of  numerically  evaluating  such  integrals  arose  in  our  investigations  of  a  spatial  domain 
moment  method-type  analysis  of  microstrip  structures.  A  similar  analysis  is  developed  in  [3,5]  and  will  not 
be  discussed  here  in  any  detail.  We  are  only  interested  in  evaluation  of  (1)  for  a  single,  lossless  dielectric 
layer  bounded  on  alternate  sides  by  free  space  and  a  perfect  conductor,  and  for  both  source  and  field 
points  on  the  air/dielectric  interface  (ie:  g(r,0)),  see  Figure  1.  Although  this  is  the  case,  what  is 
presented  here  is  applicable  to  more  general  layered  media  Green’s  functions  as  weD.  Specifically,  we  are 
interested  in  two  functions,  G(X),  for  the  parameters  z=0  and  V  =0 

Gm(X)  - _ A _  Ge(A)  *  Gm(X)  [u0  +  UiTanh(Kdm)] _  (2) 

[u0+UiCtnb(;<dui)]  [£iu0  +  uiTanb(icdui)) 

with  Uo  =  (X2-k2)^  and  u*  =  (X2  -£i K2)^  ,  for  RE[uo]  -0  (K  -  free  space  wavenumber). 
On  the  original,  infinite,  purely  real  contour  (C  0  in  figure  2)  tie  integrand  is  ill-  behaved  due  to  the 
o«dllation  of  the  Bessel  function,  the  presence  of  a  branch  point  at  k  ,  and  possible  poles  between  k  and 
c  z  k  on  the  X  aids  from  possible  simple  zeroes  in  the  denominators  of  Gra(X)  and  Ge(A).  Our  choice  of 
z=0  further  complicates  evaluation  using  contour  Co ,  since  we  do  not  have  exponential  decay  in  the 
integrand.  It  is  well  known  that  we  can  consider  contours  other  than  C0 ,  for  example:  a  partially 
deformed  contour  (C.)  or  a  fully  deformed  contour  (C2)  ,  both  shown  in  figure  2. 

Previous  authors  [1-5]  have  investigated  various  techniques  that  could  have  been  used  to  compute  (1)  for 
these  G(X),  but  we  desired  a  routine  that  could  perform  this  evaluation  to  a  pre-specified  (possibly  high) 
degree  of  accuracy,  and  we  did  not  find  any  one  of  the  techniques  presented  in  these  references  to  suit 
our  needs.  Most  of  these  techniques  have  focused  on  contours  Q,  and  C2  (or  its  equivalent).  Among 
these  techniques  are  those  of  ...  1)  subtracting  from  G(X)  a  term  corresponding  to  the  case  for  Ui  *  u0 

over  the  entire  contour  [3],  2)  choosing  subintervals  of  integration  in  order  to  form  a  monotonically 

decreasing,  alternating  series  that  car  be  truncated  with  a  known  error  bound  [1,2],  3)  Filon’s  (Shank’s, 

Averages)  method  to  accelerate  convergence  [1,3,5],  and  4)  various  asymptotic  methods  [1,3, 4,5].  We 
desired  to  use  a  single  method  of  evaluation  in  order  to  reduce  programming  time  and  the  ambiguities 
involved  with  choosing  which  of  a  multiple  set  of  routines  to  use  foi  each  unique  set  of  parameters. 

Our  routine  uniquely  applies  some  of  the  above  mentioned  techniques,  or  ones  that  arc  somewhat  similar, 

to  obtain  highly  accurate  values  for  gm(r,0)  and  gc(r,0)  to  be  used  in  the  numerical  characterization  of 
mictortrip  structures.  The  values  of  the  radial  distance  r  vary  from  zero  to  less  than  a  few  free  space 
wavelengths  at  most,  and  appropriate  techniques  must  be  used  accordingly.  The  first  feature  of  our 
routine  is  that  we  choose  to  use  a  method  similar  to  1)  mentioned  above,  in  which  we  subtract  a  term 


from  G(X)  corresponding  to  the  well  known  static  portion  of  g(r,0),  done  only  over  certain  portions  of  the 
chosen  contour  (a  direct  and  image  terms  for  the  "m"  case  -  a  direct  and  weighted  image  summation 
terms  for  the  "e*  case).  We  then  choose  to  add  back  in  the  image  portions  of  these  g(r,0),  in  effect, 
subtracting  only  the  singular  (r_1)  portion  of  the  spatial  domain  Green's  function.  Therefore,  we  define 

g(r.O)  =  g(r,0)  -  a/r  (3) 

with  a  =  1/2  for  the  "m”  case  and  a  «  l/(e  +1)  for  the  "e"  case. 

It  is  well  known  that  it  is  advantageous  to  evaluate  g(r,0)  using  contour  C2  for  "large"  r,  and  as  many 
authors  have  thoroughly  investigated  the  use  of  contour  Co  and  found  it  difficult  to  obtain  high  degrees  of 
pre-spetified,  known  accuracy  (even  for  "small"  r)  we  chose  to  more  thoroughly  investigate  the  use  of 
contour  C2  for  all  r  of  interest  to  us  for  the  function  g(r,0). 

We  find  that  the  real  axis  portion  of  C2  is  evaluated  quite  adequately  using  an  adaptive  Newton-Cotes 
routine,  and  that  the  possible  residue  terms  (corresponding  to  the  poles  of  G(X))  are  also  quite  easily 
evaluated,  therefore  neither  numerical  procedure  will  be  discussed  further  here.  The  imaginary  axis 
portion  of  (1),  using  (2),  over  contour  C2  is  of  main  concern,  and  the  composite  integrands  (summed  for 
each  side  of  the  branch  cut)  of  gm(r,0)  and  ge(r,0)  are  shown  in  figures  3  and  4;  for  r=0.01,  Kd=0.10,  and 
Cjl  =9.9.  The  corresponding  integrands  of  gm(r,0)  and  ge(r,0)  arc  shown  in  figures  5  and  6.  From  figure  5 
one  might  conclude  that  method  3)  above  could  be  used  advantageously,  but  it  turns  out  to  yield  little  if 
any  improvement.  From  figure  6  one  might  conclude  that  Series  methods  (ie:  2)  above)  could  use 
subintervals  "folded"  about  the  obvious  points  of  large  derivative,  but  again  this  yields  little  if  any 
improvement.  The  application  of  method  2)  above  is  an  adequate  choice,  but  the  creation  of  a 
monotonically  decreasing,  alternating  scries  is  more  effort  than  is  required.  We  find  that  it  is  more 
efficient  to  ’use  fixed  sized  sufcintervals  while  creating  an  alternating  series,  which  eventually  becomes 
monotonically  decreasing,  and  to  increase  the  number  of  these  subintervals  to  obtain  an  adequately  small 
absolute  error.  The  reasoning  behind  this  is  that  these  extra  subintcgrals  are  evaluated  very  quickly  with 
a  minimum  number  of  function  evaluation,  as  their  absolute  error  criteria  is  identical  to  the  earlier 
subintegrals,  but  their  magnitudes  arc  much  less.  We  find  that  we  can  evaluate  gm(r,0)  and  ge(r,0)  to  ten 
or  more  digits  of  relative  accuracy  for  all  r  of  interest  other  than  zero  using  this  simple  subintegral/serics 
method.  The  resultant  values  of  gm(r,0j  and  ge(r,0)  corresponding  to  figures  3-6  are  shown  in  figures  7 
and  8  respectively. 


For  the  necessary  case  of  g(0,0)  we  can  choose  to  use  one  of  three  methods  (noting  that  the  Bessel 
function  term  becomes  unity  for  r=0)  ...  1)  use  contour  C2  for  a  number  of  small  values  of  r  and  then 
extrapolate  to  r=0,  or  2)  use  contour  Cz  for  r-Q,  or  3)  u sc  contour  Cc  (or  alternately  C;)  for  r=0=  We 
found  it  most  efficient  to  use  the  third  method  with  contour  ,  to  avoid  the  numerical  problems  that 
exist  on  the  real  axis.  To  further  assist  the  convergence  of  this  method,  asymptotic  terms  may  be 
subtracted  form  the  integrand,  which  allows  the  shortening  of  the  infinite  interval  by  adding  the 
corresponding  known  analytical  truncation  terms  for  some  "large"  X .  We  found  through  much  mathematical 
manipulation  that  the  derivatives  of  gm(r,0)  and  gc(r,0)  wrt.  r,  for  r«=0,  are  expressible  analytically  in  very 
simple  forms,  and  therefore  no  further  computations  arc  required  to  obtain  their  values  extremely 
accurately.  The  three  methods  above  may  be  compared  to  show  that  the  same  accuracy  may  be  obtained 
for  §(0,0)  as  for  g(r,0). 


The  verification  of  the  accuracy  of  these  computations  was  carried  out  in  several  ways,  the  first  being  the 
comparison  of  the  various  techniques  mentioned  above.  Even  though  all  these  techniques  were  not 
optimized  to  yield  adequate  accuracy  for  our  purposes,  a  few  (or  possibly  several)  digits  could  be  compared 
among  them  to  establish  that  the  proper  values  were  being  obtained,  then  a  convergence  study  could  be 
made  on  those  few  methods  chosen,  and  these  results  compared.  Also,  the  :  jsults  for  the  case  of  an  air 
dielectric  (  Ci  =1)  are  analytically  known,  and  were  compaicd  to  our  routine  of  final  choice  when  it  did  not 
take  advantage  of  this  fact.  These  results  arc  shown  in  figure  9. 


In  our  analysis  of  microstrip  structures  we  must  repeatedly  evaluate  gm(r,0)  and  ge(r,0).  If  we  were  to 
numerically  evaluate  the  corresponding  Sommcrfcld  integral  each  time  we  needed  it,  we  would  be  foolish, 
for  the  functions  gm(r,0)  and  gc(r,0)  are  quite  smooth  wrt.  their  single  parameter  r.  Therefore,  we  are 
able  to  fit  these  functions  quite  accurately  using  cubic  splines.  In  fact,  since  their  derivatives  at  r=0  are 
known  analytically,  it  is  advantageous  to  use  a  cubic  spline  fit  for  known  first  derivatives  at  the  end 
points.  As  seen  in  figure  10,  we  can  fit  the  functions  quite  adequately  with  a  reasonable  number  of 
function  ev;  *  'ations. 

Finally,  it  should  be  mentioned  once  again  that  this  routine  Is  specialized  to  z=0  and  a  unique  geometry  of 
a  layered  media.  This,  however,  docs  not  specialize  the  routine  presented  here  to  the  point  of  not  being 
useful  for  more  general  geometries.  For  example,  in  any  problem  (be  it  layered  media  or  not)  the  3-d 
Green’s  function  will  exhibit  the  same  singular  behavior  (r-1),  and  similar  methods  may  easily  be  developed 
to  remove  this  behavior,  allowing  a  much  more  efficient  computation  of  g(r,0)  for  "small"  to  "moderate"  r. 
Geometry  restrictions  are  easily  removed  by  using  a  G(A)  that  corresponds  to  a  different  set  of  dielectric 
layers,  with  the  corresponding  static  terms  obtained  from  the  asymptotic  form  of  this  G(A)  for  large  A  . 
The  lossless  dielectric  restriction  can  be  removed  by  making  a  complex  number,  slowing  the 

computations  a  bit,  but  quite  easily  done.  If  the  restriction  z=0  is  removed,  the  same  routine  may  be  used 
for  r/z  "large",  but  for  r/z  "moderate"  oi  "small"  it  will  likely  be  more  efficient  to  use  the  contour  C0 
(or  C  ),  since  significant  exponential  decay  will  exist  for  increasing  A . 
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Figure  4  Ct  imaginary  axis  integrand 
w/o  static  term  subtracted. 
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Abstract 


This  paper  describes  some  numerically  useful  mathematical 
properties  of  the  transcendental  function  introduced  by  Mal1u2hinets 
1  ri  describing  acoustic  or  electromagnetic  scattering  by  a  wedge  with 
two  different  face  Impedances.  For  a  given  wedge  angle  the 
Malluzhlnets  function  can  be  written  in  terms  of  an  infinite  integral 
in  the  complex  plane.  The  Independent  variables  are  thus  the  wedge 
angle  and  a  complex  variable  containing  all  other  parameters  in  the 
scattering  process.  Including  Incidence  and  scattering  angles, 
polarization,  and  two  complex  face  Impedances  expressed  as  complex 
Brewster  angles.  The  region  of  convergence  of  the  Integral  is  an 
Infinite  strip  In  the  complex  plane  with  width  dependent  on  the  wedge 
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there  always  exist  recursion  and  symmetry  relations  allowing  the 
desired  result  to  be  obtained.  When  the  Malluzhlnets  function  Is 
examined  as  a  function  of  a  complex  variable,  It  is  found  that  It  Is 
analytic  everywhere  In  the  Infinite  strip  in  which  the  Integral 
converges.  It  Is  In  fact  a  conformal  mapping  of  the  Infinite  strip 
Into  a  region  In  the  complex  plane  with  the  width  on  the  real  axis 
mapped  Into  a  finite  segment  of  the  real  axis,  and  the  point  at 
Infinity  mapped  into  a  point  on  the  unit  circle.  Furthermore,  for 
all  wedge  angles  the  resultant  values  on  the  unit  circle  fall  within 
the  sector  -rr/8  s  |Arg  z|  <  w/4.  These  results  have  Important 
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algorithms  for  evaluation  of  the  function,  especially  In  terms  of  the 
amount  of  storage  required. 


The  problem  of  acoustic  scattering  by  a  wedge  with  two  different  face 
impedances  war-  solved  by  Maliuzhinets  [1]  in  terms  of  a  Sommerfeld  contour 
integral.  The  McJvjzhlnets  solution  is  expressed  in  terms  of  the  complex 
transendental  function  ^(z),  where  t  is  the  exterior  wedge  half  angle,  and 
the  complex  variable  z  contains  the  remaining  physical  properties  describing 
the  scattering  process,  Including  angles  of  incidence  and  scattering,  and  tne 
complex  surface  Impedance  of  eich  face.  The  Maliuzhinets  function  has  found 
widespread  application  In  various  treatments  of  both  acoustic  and 
electromagnetic  edge  diffraction. 

Maliuzhinets  discussed  many  of  the  properties  of  ^(z)  in  his  original 
paper,  such  as  recussion  relations,  values  for  particular  wedge  angles,  and 
two  explicit  representations,  one  as  a  double  infinite  product*  and  one  as  a 
complex  integral.  Neither  of  the  two  representations  given  by  Maliuzhinets  is 
particularly  amenable  to  numerical  evaluation.  Later,  Zavadskii  and  Sakharova 
[2]  presented  what  they  called  expressions  suitable  for  computing  the  function 
^(z)  on  an  electronic  computer.  However,  their  methods  are  not  all  that 
practical  for  rapid  numerical  evaluation,  and  the  numerical  tables  described 
in  their  paper  are  not  readily  available.  This  paper  describes  the  results  of 
an  investigation  of  the  numerical  properties  of  the  Maliuzhinets  function. 

For  the  particular  case  of  backscatter  it  is  shown  that  numerical  evaluation 
of  the  function  can  be  considerably  simplified  by  making  use  of  some  of  its 
mathematical  properties.  • 

The  geometry  of  the  problem  is  shown  in  Fig.  1.  The  Incidence  (and 
scattering,  for  the  case  of  backscatter)  angle  Is  measured  from  the 
Illuminated  face,  while  the  wedge  angle  is  expressed  as  the  external  half 
angle.  The  Maliuzhinets  solution  leads  to  a  product  of  four  ratios  of  the 
form 


r±(z) 


Vz  1  «) 


(1) 


for  backscatter.  In  the  more  general  case  of  bistatlc  scattering  the  argument 
In  the  numerator  depends  on  the  scattering  angle,  and  the  denominator  is  a 
function  of  the  Incidence  angle.  When  expressed  as  the  ratio  (1),  the 
Integral  representation  of  Zavadskii  and  Sakharova  becomes 
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where 


r  /_\  _  r  tanh  *s/2  slnh  s(ir/2  ±  2)  ds 

Mz'  ~  i  s  slnh  2®s 

o 


Written  In  terms  of  exponentials,  (3)  is 


I+(z) 


}  Vz’s>  ds 
=  l  ~m~r 


(3) 


(4) 


where 

Y+(z,s)  =  cos  ys[ (eirS-l)e±xs  +  (e*1lS-l)e+xs| 

±1  sin  ys  [{e’s-l)e±xs  -  (e',s-l)  eTxsJ  (5) 

and 

X(s)  *  e^2®  +  n/2)s+e(2*  ~  ir/2)s_e(ir/2  "  2®)s_e~(2,p  +  */2)s  (6) 

Examination  of  the  explicit  form  of  (4)  given  by  (5)  and  (6)  shows  Immediately 
that  the  Integral  converges  in  the  open  interval 

| x |  <  2®-7t/2  (7) 

for  all  y.  The  region  of  convergence  is  therefore  an  Infinite  strip  with 
width  given  by  (7).  It  Is  possible  to  devise  a  quadrature  scheme  that  is 
valid  everywhere  In  the  strip  in  which  the  integral  converges.  There  Is  one 
wedge  angle,  3ir/4,  for  which  a  closed  form  solution  for  r+  exists.  We  have 
developed  a  quadrature  method  that  reproduces  this  exact  result  to  within  5  or 
6  significant  figures.  Yip  and  Plavetta  have  recently  discussed  this  subject 
In  some  detail  13] . 

Considerable  reduction  in  storage  required  for  numerical  applications  can 
be  achieved  by  making  use  of  symmetry  and  recursion  relations  displayed  by  the 
Malluzhlnets  function.  These  are  summarized  in  Figure  2.  While  the  present 
work  was  In  progress,  the  symmetry  relations  permitting  numerical  evaluation 


to  be  limited  to  the  first  quadrant  were  also  noted  by  Herman,  Volakis  and 
Senior  (4J. 

An  even  more  significant  reduction  in  storage  requirements  is  achieved  by 
noting  that  the  Maliuzhinets  function  is  a  conformal  mapping.  The  Infinite 
strip  containing  all  information  on  the  scattering  process  for  a  given  wedge 
angle  Is  mapped  onto  a  finite  region  in  the  complex  plane.  An  example,  for  a 
wedge  angle  of  3ir/4,  Is  shown  In  Fig.  3.  Although  the  complex  reflectance  of 
a  passive  surface  must  lie  within  the  unit  circle,  the  Fresnel  equations 
relating  reflectance  and  Impedance  map  the  unit  circle  into  the  right  half 
plane.  It  would  seem  therefore  that  In  numerical  work  it  would  be  necessary 
to  calculate,  or  have  available  in  storage,  values  of  the  wedge  function  over 
the  entire  Infinite  strip  in  which  the  Integral  representation  converges. 
However,  the  limiting  case  as  the  Imaginary  part  of  z  becomes  Infinite,  the 
ratio  given  by  (2),  can  be  shown  to  approach 


so  that 


11m  r  =  exp(+  1*  /8«1 


11m  |r+|  =  1 

y+aj  ~~ 


(8) 


(9) 


The  point  at  Infinity  Is  thus  mapped  onto  the  unit  circle.  This  Important 
result  holds  for  the  ratio  of  two  Maliuzhinets  functions  describing  bistatic 
as  well  as  monostatlc  scattering,  although  In  the  case  of  bistatic  scattering 
(8)  depends  on  the  difference  in  incidence  and  scattering  angles  as  well  as 
the  wedge  angle. 

Since  the  external  wedge  half  angle  Is  constrained  to  lie  between  tt/2  and 
,  the  limiting  case  for  backscatter  lies  on  the  sector 


tt/8  <  |  Arg  z|  <  n/4 


(10) 


The  particular  case  in  Fig.  3,  for  a  wedge  angle  of  3ir/4,  leads  to  a  limiting 
value  of  Arg  z  *  ±  */6,  According  to  (10),  the  entire  range  of  possible 
angles  results  In  mappings  not  too  far  from  the  case  shown.  Therefore  it 
appears  sufficient  to  store  values  for  only  a  quite  limited  number  of  wedge 
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angles  for  interpolation  during  execution.  Also,  from  examination  of  Fig.  3 
it  is  apparent  that  a  fairly  coarse  grid  in  independent  variables  can  be  used; 
in  particular,  not  very  large  values  of  y  =  Im  z  have  to  be  considered. 


That  the  mapping  Is  conformal  can  be  shown  from  the  integral 
representation  (2)  and  (4).  The  partial  derivative  of  r+  are 

_  n  _  n 

ax  ax  e  ax  r± 


and 


-  il  ~l±(2)  .  jtl 
3y  ay  e  ay  r± 


(11) 


(12) 


The  derivatives  on  the  right-hand  side  of  (11)  and  (12)  can  be  carried  out  by 
Leibnitz's  rule,  so  that 


_1 _ aY±  ds 

X(s)  ax  s 


/ 1  "3  \ 


and 
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from  which  it  is  easily  verified  by  differentiation  of  (5)  that 


and 


Im 


A  M 

± 
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(15) 


(16) 


so  that  the  Cauchy-Rlemann  conditions  are  satisfied  everywhere  in  the  strip  In 
which  the  Integral  coverges.  Therefore  r+  Is  analytic  and  the  transformation 
Is  conformal. 

Because  It  Is  a  conformal  mapping,  the  curves  of  constant  x  and  y 
generated  by  the  impedance  wedge  function  are  orthogonal  trajectories. 

Bilinear  interpolation  can  be  expected  to  be  quite  accurate  except  in  the 


vicinity  of  the  limit  as  y  approaches  infinity.  Examination  of  numerical 
values  of  the  impedance  wedge  function  as  y  increases  for  constant  x  has  shown 
an  exponential  behavior  with  a  slope  of  approximately  -0.64  as  the  limit  is 
approached.  Figure  4  shows  the  asymptotic  behavior  for  several  fixed  values 
of  x.  An  analytic  study  [5]  of  the  asymptotic  behavior  of  the  function  in  the 
neighborhood  of  the  limit  shows  that  for  constant  x  the  limit  is  approached  as 
exp(-2y/3) . 

This  behavior  is  used  as  the  basis  for  the  linear-exponential 
interpolation  algorithm  we  have  developed  for  use  in  the  interval  between  the 
last  y  value  stored  and  the  limit.  The  algorithm  is  show  schematically  in 
Fig.  5.  The  largest  y  value  stored  Is  Y^.  Then  for  a  given  X  between  the  two 
values  X-  and  X2  the  quantities  Uq(X.Y^)  and  VQ(X, Y^)  are  obtained  by  linear 
Interpolation.  Finally,  the  values  U(X,Y)  and  V(X,Y)  are  obtained  by  a 
combination  of  linear  and  exponential  Interpolation,  given  that  the  distances 
S  and  are  related  exponentially  as  shown,  with  the  constant  a  equal  to  2/3. 

An  added  advantage  of  the  analytic  nature  of  the  wedge  function  is  that 
slopes  are  easily  calculated  along  with  the  values  of  the  function,  permitting 
more  accurate  bicubic  interpolation  to  be  used  instead  of  bilinear.  The 
necessity  of  incorporating  this  refinement  Is  currently  being  investigated. 

In  view  of  the  results  obtained  so  far,  the  addition  of  bicubic  interpolation 
will  probably  not  be  necessary.  Figure  6  shows  a  comparison  of  values 
obtained  by  numerical  quadrature  of  the  intergral  representation  and  values 
obtained  from  linear-exponential  interpolation  in  the  vicinity  of  the  limit 
for  infinite  y.  The  wedge  angle  Is  3tt/4,  is  that  the  limiting  values  are 
|Re(r+)|  =  cos  30c  and  |lm(r±)j  =  sin  30°.  Also,  for  this  case  exact  closed 
form  values  are  available.  The  interpolation  scheme  Is  seen  to  yield  values 
that  agree  with  the  exact  values  (and  those  obtalnd  by  numerical  quadrature) 
to  within  0.2  percent  in  the  four  outermost  examples,  and  to  within  0,1 
percent  in  the  cases  closer  to  the  limit. 
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Fig.  1  Geometry  of  Scattering  by  an  Impedance  Wedge 


Values  needed  only  in  first  quadrant  because  of: 

Symmetry  Relations:  Recursion  Relation: 

©  ^4,(2*)  =  *4>*(z) 

(D  i'4,(z  +  7r/2)  'I'4,(z-7r/2)  =  -T  L~\  cos 
_  1'4,(-z  +  *)  '  ' 

^  *4,(z)  +4>(-2) 


Fig.  2  Storage  Reduction  Allowed  by  Symmetry  and  Recursion  Relations 


A ! 


Fig.  6 


Comparison  of  Exact  and  Interpolated  Values  of  the  Wedge  Function  In 
the  Vicinity  of  the  Limit  for  Large  Y 
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ABSTRACT 


A  computer  program  that  calculates  backscattering  in¬ 
cluding  hidden  surface  removal  is  described.  The  scatter¬ 
ing  geometry  is  imbedded  on  a  lattice  which  is  oriented 
towards  the  frame  of  reference  of  die  observer.  The  x  and 
y  coordinates  of  the  lattice  are  mapped  to  the  pixels  on  the 
compute:  console  as  well  as  to  virtual  screen  arrays  com¬ 
prising  the  Dliysical  optics  (PO)  and  physical  theory  of  dif¬ 
fraction  (PTD)  contributions. 

By  using  discrete  values  for  the  z  direction  as  well,  it  is 
possible  to  use  the  FFT  algorithm  to  sum  the  phase  fac¬ 
tors  due  to  the  propagation  delay.  Separate  virtual  screen 
data  are  necessary  for  the  physical  optics  contribution  and 
for  the  edge  current  corrections  because  the  components 
comprising  these  transformations  differ  by  a  wavelength 
factor.  Both  three  dimensional  arrays  of  virtual  screen  data 
are  summed  in  the  x  and  y  direction  before  the  FFT  is  ap 
plied. 

Polygons  represent  the  surface  of  the  scattering  object 
in  the  lattice.  At  each  monostatic  angle  the  polygons  are 
sorted  by  depth  and  written  to  the  lattice.  The  video 
graphics  library  VID  calculates  the  interior  points  of  the 
polygon,  making  them  available  for  integration.  The  code 
runs  on  an  IBM  PC  AT  or  compatible  that  is  equipped 
with  an  EGA  screen.  Separate  cooes  are  used  to  generate 
and  build  up  the  ASCII  geometry  file. 


Introduction 

Descriptions  follow  for  an  algorithm  and  an  experimen¬ 
tal  program  LATTSCAT  that  calculates  hidden  surface 
removal  or  shadowing  and  draws  a  false  color  image  of  the 
object  as  viewed  in  the  reflectivity  calculation  with  color 
representing  alternatively  amplitude  or  phase.  An  IBM 
PC/AT  video  graphics  library  VID.LIB  was  recently  com¬ 
pleted  with  the  additional  capability  of  calculating  integrals 
over '  surfaces  using  the  same  algorithms  used  to  fill 
polygons  imbedded  in  a  three  dimensional  space.  Point 
drawing  subroutines  are  used  both  to  enable  pixels  on  the 
video  screen,  and  to  fill  "pseudo  screens"  of  two  dimen¬ 
sional  arrays  for  use  in  calculations  that  include  hidden  sur¬ 
face  removal  or  shadowing.  Three  dimensional  views  of 
the  object  thus  rendered,  include  a  view  of  the  Fresnel 
regions  with  the  phase  displayed  as  colors  on  the  surface 
of  the  scatterer. 


Assimilation  of  Graphical  Data 

Many  relevant 
questions  that  must 
be  asked  in  evaluat¬ 


ing  the  reflectivity  of 
an  object,  can  be 
answered  through 
the  use  of  a  visual 
tool  that  displays  the 


way  t>i at  phase  and 

omnlitiido  r/imtiinp 

tUlll/JAVU  VV  w 

to  form  the  resultant 


reflectivity 
amplitude.  A  view 
of  the  scattering  ob¬ 
ject,  based  on  reflec¬ 
tivity,  is  presented. 
The  amrdmide  of  a 


physical  optics  scat¬ 
terer  is  equal  to  die 

projected  area  of  the  scatterer  as  viewed  in  the  direction  of 
the  monostatic  illumination  source.  When  there  are  many 
different  areas  of  approximately  equal  color,  the  reflectivity 


is  low.  Waves  of 
color  representing 
the  actual 

electromagnetic 
wave  are  visible  on 
the  object.  Intuitive 
understanding  of 
reflectivity 
phenomenon  is 
gained  by  visually  ex- 
periencing  the 
process.  The  visual 
display  makes  the  in¬ 
formation  tangible. 


Motivation  for  the  Program 

VIDXIB  ,  is  a  low  level  graphics  library  written  for 
Microsoft  FORTRAN  which  includes  hand  optimized  as¬ 
sembly  language  subiou lines  for  fast  line  drawing  using 
Bresenhams  algorithm,  even  faster  horizontal  line  draw¬ 
ing,  polygon  filland  interfaces  to  the  BIOS  and  DOS  inter¬ 
rupt  functions  for  expanded  control  of  the  graphics  and 
system  operation  of  tnp;  IBM  PC  board. 

VID.L1B  was  used  to  write  IBM  PC/AT  graphics 
drivers  for  the  higher  level  DIG. LIB  graphics  library  in¬ 
cluding  drivers  for  CGA  and  EGA  screen  modes  and  arrow 
key  crosshair  functions  as  well  as  dot  matrix  printers  and 
plotters, Priming  drivers  are  available  for  the  wide  variety 
of  printers  that  follow  the  IBM  and  EPSON  printer  stand¬ 
ards.  Supported  on  these  printers  are  single,  double,  high 
speed  double,  quadruple  density  modes,  single  and  double 
density  plotter  modes  which  have  dot  densities  of  60, 120, 
240, 72  and  144  horizontal  dots  per  inch  respectively.  Ver¬ 
tical  resolution  is  72  and  216  dots  per  inch.  The  highest 
density  mode  supports  240  x  216  dots  per  inch  which 
amounts  to  over  4  million  dots  on  the  print  area. 
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Shadowing  and  Hidden  Surface  Removal 

Because  some  objects  obscure  the  view  of  other  ob¬ 
jects,  the  screen  drawing  process  can  be  considered  a  mul¬ 
tivalued  function  that  takes  polygon  coordinates  from  the 
domain  of  disk  files  and  maps  these  coordinates  to  the  I3 
range  of  (x,y)  pixel  locations  and  the  pseudo  screen.  The 
(also  discrete)  z  coordinate  is  stored  in  the  two  dimen¬ 
sional  pseudo  screen  array.  Hidden  surface  removal 
amounts  to  selecting  the  branch  of  this  multivalued  func¬ 
tion  with  the  highest  z  value.  In  the  LATTSCAT  program, 
shadowing  is  accomplished  by  comparing  the  z  location  of 
the  pixel  to  be  drawn  with  the  z  location  of  any  pseudo 
pixel  that  has  already  been  drawn  into  the  same  x  and  y 
location. 

Shadowing  effects  are  often  more  significant  than 
second  order  diffraction.  Hidden  surface  removal  is  also 
useful  for  doppler  effects  because  in  some  cases,  the  move¬ 
ment  causes  modulation  due  to  shadowing  of  background 
scatterers. 


It  is  ironic  that  in  the  very  regime  where  tl  e  high  fre¬ 
quency  approximation  becomes  accurate,  the  simulation  is 
inaccurate  because  of  a  limitation  in  the  expansion  func¬ 
tions  used  to  approximate  the  geometry.  For  example, 
spheres  are  modeled  as  multifaceted  polyhedrons  consist¬ 
ing  of  a  connected  collection  of  polygonal  flat  platej  At 
the  highest  frequencies,  each  individual  flat  polygon  is  evi¬ 
dent  only  when  the  incident  ray  is  normal  to  the  polygon. 
The  high  resolution  of  the  graphics  screen  should  be 
equivalent  to  a  large  number  of  facets  if  the  sphere  were 
drawn  from  a  high  level  with  each  pixel  location  depth 
(z  value)  calculated  from  the  equation  for  spheres. 
However,  in  the  current  version  of  LATTSCAT,  the 
spheres  are  drzwn  as  polygonal  facets. 
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Objectives  and  Algorithm  Description 


Hie  primary  objective  is  to  add  shadowing  while  main¬ 
taining  the  accuracy  of  the  physical  optics  and  physical 
theory  of  diffraction  calculations  of  the  reflectivity  of  a 
complex  3  dimensional  object  and  to  draw  the  input  file 

_ ... _ -  -  A  1*1 _ _  -.1-  -.1-  _  a  _  _1 _ • _ _ 15 _ a._  _  J  _  -  J!/T _ 

jjj’cuxucuy*  Aiuiougn  uic  tcuiunquc  applies  iu  cugc  uunae- 
tion  as  well  as  physical  optics,  first  consider  physical  optics 
only.  After  the  screen  and  associated  data  has  been  calcu¬ 
lated,  the  scattering  centers  are  scaled  as  necessary  by  the 
wavelength  and  other  factors  and  projected  on  the  z  axis 
by  counting  the  number  of  pixels  that  lie  a  fixed  z  position 
and  storing  the  result  into  a  histogram  array  that  includes 
an  entry  or  index  value  for  each  z  position.  Area  as  a  func¬ 
tion  of  z  is  the  result.  Dividing  tne  area  in  die  histogram 
array  by  the  z  step  distance  gives  the  area  density  as  a  func- 
tion'of  z. 


For  physical  optics,  no  dot  specific  scaling  is  necessary. 
Hie  resulting  linear  array  of  complex  values  is  summed 
with  an  exp(zikz)  weighting  factor  to  account  for  the  phase 
shift  due  to  propagatibnal  delay.  Round  trip  path  length 
s=2z  replaces  z  in  tne  phase  expression,  cxp(2ikz)=exp(iKs). 


The  concept  of  area  is  extended  into  the  complex  plane  by 
inclusion  of  the  phase  factor  so  that  an  area  element  be¬ 
comes  exp(iks)  dA.  where  dA  specifies  the  area  projected 
on  the  x,  y  plane  perpendicular  to  the  line  of  sight  of  the 
viewer  (the  ray  of  mcidence)  which  is  also  the  area  seen  on 
the  image  drawn  on  the  screen.  Summation  of  the  com¬ 
plex  area  elements  results  in  a  total  complex  area.  The  ab¬ 
solute  value  of  the  complex  area  is  then  u^ed  in  the  flat  plate 
formula. 


The  flat  plate  formula: 

cr=47T  |A|(f/  c)s 

where  A  is  the  complex  eirea, 
f  ie  th'j  frequency  and 
o  la  tha  speed  of  light. 


Summation  of  the  area  elements  is  generated  by  per¬ 
forming  a  Fast  Fourier  Transform  algorithm  on  the  His¬ 
togram  after  it  has  been  centered  ana  zero  extended  to  a 
512  value  array.  Area  as  a  function  of  frequency  is  what 
results  from  the  FFT.  These  values  are  scaled  using  the  flat 
plate  formula  mentioned  above  to  produce  the  cross  sec¬ 
tion. 


For  calculating  edge  diffraction  using  Ufimtsev’s  for¬ 
mulation  of  the  physical  theorv  of  diffraction,  additional 
pseudo  screen  arrays  are  needed  to  store  the  amplitude  and 
z  position  of  the  edges.  Amplitude  must  be  stored  because 
the  amplitude  of  an  individual  pixel  is  not  constant  as  with 
physical  optics.  Depth  (z  position)  is  also  stored  in  a 
separate  pseudo  screen  because  the  frequency  dependence 
differs  by  a  factor  of  f  in  the  formula  analogous  to  the 
physical  optics  (flat  plate)  formula  given  above. 

Three  Dimensional  Polygon  Filling 


Polygon  filling  is  achieved  by  drawing  horizontal  lines 
(the  EGA  cards  on  PCs  draw  horizontal  lines  the  fastest) 
according  to  a  "pen  up",  "pen  down"  routine  wherein  the 
line  segments  that  intersect  the  current  row  to  be  filled  are 
sorted  so  that  as  the  pen  moves  from  left  to  right  across 
the  polygon,  the  pen  is  toggled  between  "up"  and  "down" 
whenever  a  polygon  boundary  is  crossed.  When  a  vertex 


(or  a  horizontal  boundary  segment  of  the  polygon)  lies  on 
the  current  row  being  drawn,  additional  information  must 
be  available  to  decide  if  the  pen  position  must  toggle.  The 
line  drawing  routines  use  the  Bresenham  algorithm  (which 
does  not  use  multiplication  when  drawing  lines,)  both  for 
drawing  on  the  screen  and  for  providing  point  coordinates 
to  routmes  that  need  a  series  of  coordinates  to  evaluate  a 
summation  or  integral  over  a  line  or  polygonal  surface  that 
is  imbedded  in  a  lattice.  Lattice  lines  can  have  a  left  and  a 
right  hand  side  if  the  total  vertical  distance  is  less  than  die 
total  horizontal  distance  spanned  by  the  line  segment.  The 
extreme  case  is  a  horizontal  line  segment.  VID  has  routines 
for  finding  the  left  and  right  (or  tow  and  high)  sides  of  a 
lattice  line  because  this  type  of  information  is  necessary  to 
fill  a  polygon  without  counting  any  polygon  point  more 
than  once.  The  line  drawing  subroutine  collection  includes 
three  dimensional  line  capabilities  bv  drawing  two  depend¬ 
ent  lines  simultaneously,  for  example  in  the  x-v  plane  and 
in  the  x-z  plane.  The  Final  operation  of  actually  drawing 
the  pixel  at  the  various  arrays  representing  the  (x,y)  loca¬ 
tion  will  be  undertaken  only  if  the  z  resulting  will  be  greater 
than  the  existing  z  value  at  the  point  (x,v).  Otherwise,  the 
point  under  consideration  is  snadowea  and  need  not  be 
(Irawn. 


Discretization  Effects 


Unexpected  results  can  occur  when  drawing  fast  lines 
in  this  fashion.  The  figure  shows  a  triangle  that  is  almost 
perpendicular  to  the  line  of  incidence.  Both  left  hand  ver¬ 
tices  are  at  the  same  z  level  whereas  the 
right  hand  vertex  is  slightly  raised. 

Tne  endpoints  of  the  horizontal  lines 
used  to  nil  the  triangle  are  determined 
by  line  drawing  routines  for  the 
boundary  segments  and  are  have  dis¬ 
crete  z  values.  A  slower  but  more  ac¬ 
curate  process  would  retain  real  values 
for  the  segment  boundaries  and  thus 


Graphics  routines  were  used  to  project  three  dimen¬ 
sional  faceted  surfaces  onto  a  three  dimensional  lattice  with 
hidden  surface  removal.  The  resulting  collection  of  points 
was  then  plotted  on  the  video  screen  and  projected  onto 
the  2  axis  resultin°  in  area  density  as  a  function  of  distance. 
Fast  fourier  transformation  of  the  area  density  function 
yielded  area  as  a  function  of  frequency.  Finally  the  area 
was  substituted  into  the  flatplate  formula  for  cross  section. 
Edge  diffraction  is  handled  similarly.  Improvements  are 
planned  for  geometry  handling  including  higher  level 
specification  of  shapes  like  spheres  so  that  faceting  will  not 
be  necessary.  Also  changes  are  planned  to  elimmate  dis¬ 
cretization  effects  that  were  encountered  when  filling  three 
dimensional  polygons. 
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It  is  well  known  that  hollow,  closed,  conducting  bodies  can  support  interior 
resonances  at  certain  discrete  frequencies.  This  physical  fact  generally  gives  rise  to 
numerical  problems  near  these  frequencies  in  computer  codes  that  use  the  Electric  Field 
Integral  Equation  (EFIE)  to  calculate  a  scattered  (external)  field.  The  Magnetic  Field 
Integral  Equation  (MFIE)  is  actually  invalid  at  these  frequencies,  so  it  will  not  be  con¬ 
sidered  in  this  paper. 

Due  to  the  simplicity  of  the  EFIE  approach  and  the  existence  of  computer 
codes  utilizing  it,  it  would  be  useful  to  have  a  general  method  for  determining  the  sever¬ 
ity  of  the  numerical  problems  and  for  correcting  them  if  necessary.  This  paper  describes 
such  a  method,  and  the  very  simple  modifications  necessary  to  implement  it  in  an  exist¬ 
ing  computer  program.  Previous  work  by  this  author  showed  that,  in  principle,  the 
correct  external  field  is  determined  by  the  EFIE.  It  was  observed  that  the  problems 
found  to  date  are  purely  numerical  in  nature.  More  importantly,  it  was  also  shown  that 
as  the  frequency  of  the  resonance  is  approached,  the  "cavity  mode"  contributes  less  and 
less  to  the  scattered  field.  This  behavior  is  the  opposite  of  that  found  in  numerical  solu¬ 
tions,  in  which  approximations  result  in  the  cavity  mode  generating  a  strong  scattered 
field.  The  theoretical  work  gives  a  rigorous  basis  for  the  simple  method  that  we  describe 
below,  which  corrects  these  numerical  errors. 

The  numerical  instabilities  occur  for  only  a  somewhat  narrow  range  of  fre¬ 
quencies  around  the  frequency  of  each  resonance.  However,  as  one  moves  from  two  to 
three  dimensions  and  treats  larger  and  larger  bodies,  the  resonances  get  closer 
together.  Thus,  the  larger  the  problem  that  one  is  trying  to  solve,  the  more  likely  one  is 
to  encounter  difficulties. 

As  a  trial  case,  we  examined  scattering  by  a  circular  conducting  cylinder, 
using  the  EFIE  for  the  TM  polarization.  Pulse  basis  and  delta  function  testing  functions 
were  used.  We  considered  frequencies  near  the  resonance  at  ka  =  8.417...,  which  is 
degenerate  in  that  the  currents  of  the  corresponding  modes  have  azimuthal  dependences 
which  may  be  given  as  cos2e  and  sin2e.  Results  for  64  and  128  unknowns  are  shown  in  the 
figures. 

From  Fig.  1,  it  is  clear  that  the  smallest  singular  value  occurs  near  ka  =  8.435 
for  64  unknowns  and  near  ka  =  8.427  for  128  unknowns.  We  see  that  when  more  unknowns 
were  used,  the  numerical  resonance  moved  in  frequency  towards  the  correct  value  (ka  = 
8.417..,).  These  singular  values  were  found  by  an  expensive  computational  tool,  the 
singular  value  decomposition.  The  cost  of  this  tool  is  several  times  that  of  matrix 
inversion. 
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We  now  present  a  method  of  calculating  the  smallest  singular  value,  which  has 
a  negligible  cost  compared  to  matrix  inversion.  We  also  show  how  to  correct  the  current 
for  numerical  errors  due  to  the  cavity  mode.  In  the  moment  method,  one  solves  the 
matrix  equation 

ZI  =  V  (1) 

where  I  is  the  surface  current  and  V  is  minus  the  incident  field,  evaluated  on  the  surface. 


We  will  use  a  slightly  different  notation,  and  call  lc  the  first  attempt  at  a  solu¬ 
tion,  so  that 

I0  =  Z'1  V  (2) 

To  improve  this  approximation.  IQ,  we  need  to  determine  whether  we  are  close 
to  a  resonance,  and  if  so  we  also  need  to  determine  the  cavity  mode.  Because  Z  is  non- 
Hermetian,  we  must  deal  with  its  singular  values  and  associated  vectors  instead  of  with 
its  eigenvalues  ar.djeigenvect.ors,  i  The  singular  values  of  Z  are  the  square  t  ools  of  the 
eigenvalues  of  ZZH  (which  equal  those  of  ZHZ). 

All  that  is  necessary  to  correct  a  calculation  near  a  resonant  frequency  is  to 
calculate  the  smallest  singular  value  of  Z  and  the  appropriate  associated  mode.  This 
smallest,  singular  value  of  Z  will  be  the  reciprocal  of  the  largest  singular  value  of  Z“^, 
which  will  be  much  larger  than  any  others  of  Z"^.  Therefore,  an  iterative  technique 
called  the  power  method3  will  be  very  efficient  when  applied  to  Z~KZ~^)  . 

We  apply  the  power  method  to  find  the  smallest  singular  value  of  Z  and  its 
associated  cavity  mode  current  to  orthogonalize  the  solution  current  to  the  cavity  mode 
current.  Tins  generates  the  formulas: 

p,  ■  rhr-1)11  in  (3) 
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The  superscript  H  denotes  Herrnetian  conjugate.  Si  is  an  approximation  to  the  smallest 
singular  val.  e  of  Z,  and  should  be  real  to  the  precision  of  the  arithmetic  used.  Pj  is  an 
approximation  to  the  cavity  mode  current,  arid  i!  is  the  corrected  current. 

Further  accuracy  is  obtained  by  iterating,  for  a  =  2,3,...,  according  to  the  rule 

q  *  r1  (z-V  pt.j  (6) 
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It  should  be  noted  that  this  tecnniquc  is  extremely  efficient  numerically.  Only  abcut  4n2 
floating-point  operations  are  required  per  iteration.  Thus,  the  cost  of  this  calculation  is 
insignificant  compared  to  matrix  inversion. 

Figure  1  plots  Si,  the  estimate  after  one  iteration  of  the  smallest  singular 
value  as  a  function  of  cylinder  radius.  One  may  observe  that  close  to  the  resonance,  i.e., 
when  the  singular  value  really  is  small,  only  one  iteration  is  recessary!  Far  away  from 
the  resonance,  one  does  not  need  to  calculate  any  co  'rection.  Calculations  were  also 
made  of  S2  and  S3.  Throughout  the  region  plotted  cn  Fig.  1,  the  values  of  S2  and  S3 
agreed  with  the  calculation  using  the  singular  value  decomposition  to  better  than  one 
part  in  a  thousand. 

This  discussion  provides  a  simple  method  for  correcting  numerical  problems.  If 
Si  is  large,  do  nothing.  If  Si  is  small,  then  use  Ii  instead  of  IQ.  In  the  region  where  Si  is 
small,  we  have  calculated  I  ,  ij,  I2  and  I3,  and  the  resulting  radar  cross  section  at  0°  and 
180°.  They  are  plotted  in  Fig.  2  for  the  64  unknown  case.  The  radar  cross  sections  for 
d  =  1,2  and  3  are  identical  to  several  decimal  placer,  and  are  the  nearly  horizontal  lines 
on  the  figure.  The  8,  =  0,  or  uncorrected,  radar  cross  sections  give  the  wildly  varying 
curves. 


Clearly,  the  method  we  have  presented  has  wide  applicability  to  any  internal 
resonance  problem  in  which  the  matrix  is  explicitly  inverted.  Furthermore,  we  saw  that 
it  is  an  efficient  method,  both  in  terms  of  execution  time  and  the  human  effort  required 
to  implement  it.  This  correction  can  easily  be  added  to  existing  computer  programs. 
O.ie  ..imply  makes  use  of  IQ  arid  Z~ *  to  correct  IQ  and  replace  it  by  Jj  when  necessary. 
Finally,  and  possibly  most  importantly,  the  corrected  currents  thus  generated  allow  the 
calculation  of  the  scattered  field  to  be  highly  accurate  and  dependable  at  all  frequencies. 
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Fig.  1 


Fig.  2 
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The  smallest  singular  value  of  2  as  a  function  of  its  radius  for  scattering  by  a 
circular  Conducting  Cylinder.  Results  for  64  and  128  unknowns  are  shown.  The 
short  dashed  and  short-long  dashed  curves  represent  both  the  results  of  the 
singular  value  decomposition,  and  the  results  (identical  to  at  least  three  deci¬ 
mal  places)  of  two  or  three  iterations  ( i  =  2,3)  as  given  by  Eq.  (7),  The  solid 
and  long  dashed  curves  represent  the  results  of  one  iteration,  as  given  by  Eq. 
(4). 
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The  radar  cross  section  for  backscatter,  o  (0°),  and  for  forward  scatter,  o 
(180°),  as  a  function  of  radius  for  64  unknowns  and  the  calculation  described  in 
the  text.  The  dashed  lines  show  radar  cross  sections  based  on  the  uncorrected 
current,  l0.  The  solid  lines  show  the  radar  cross  sections  based  on  Ij,  I2  or  Ij, 
as  all  of  these  results  agree  to  several  decimal  places. 
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Abstract 

In  this  paper  an  Isolated  symmetric,  penta-arm  element  is 
analyzed  using  the  Singularity  Expansion  Method  (SEM)  [1).  SEM 
poles,  and  modes  yield  considerable  insight  into  the  fundamental 
scattering  characteristics  of  this  element.  Is  is  shown  that  a 
simple  sinusoidal  approximation  to  the  SEM  current  modes  represent 
a  highly  efficient  entire  domain  current  expansion  set  when 
employed  in  the  usual  Floquet-Moment  Method  description  of  the 
Penta-arm  FSS  array. 


Introduction 

A  frequency  selective  surface  (FSS)  may  be  defined  as  a 
doubly  periodic  arrangement  of  elements  on  either  a  planar  or 
conformal  surface.  The  elements  can  be  perforations  in  a 
conducting  (or  resistive)  screen  or  an  array  of  conducting  (or 
resistive)  plates  backed  by  a  dielectric  support.  Practical 
designs  often  employ  several  layers  of  elements  sandwiched  between 
multiple  dielectric  layers. 

FSS  may  be  used  to  combine  electromagnetic  waves  of  different 
frequencies  into  a  single  propagating  medium  (diploxing)  or  to 
separate  electromagnetic  waves  of  different  frequencies  from  a 


single  propagation  medium  (filtering).  As  illustrated  In  Fig. 1,  a 
single  reflector  antenna  employing  an  FSS  subreflector  can  operate 
at  two  different  frequency  bands  wherein  the  dlplexlng/f llterlng 
feature  Is  used  In  the  transmit/receive  mode  12].  The  Voyager 
spacecraft  employed  a  shaped  FSS  subreflector  that  was  transparent 
at  S~band  and  reflective  at  X-band  (a  band-stop  to  band-pass  ratio 
of  3  to  1)  [31. 

FSS  are  often  constructed  by  etching  periodic  simple  metallic 
elements  on  thin  Kaptan  sheets.  These  thin  FSS  sheets  are  then 
fixed  to  a  low  density  styrofoam  and/or  dielectric  honeycomb  panel 
to  form  the  finished  structure.  Commonly  used  FSS  elements  are 
shown  In  Fig. 1  and  include  the  linear  dipole,  tri-arm,  crossed 
dipole,  and  Jerusalem-cross.  At  the  resonance  frequency  of  the 
element  the  FSS  array  becomes  completely  reflective  so  that  for 
band-stop  at  X-band  the  tip-to-tip  element  length  would  be 
approximately  1.5  cm  (one  half  wavelength  at  10  Ghz).  It  is 
generally  desirable  that  the  filter  characteristics  of  the  FSS  be 
Independent  of  polarization  and  angle  of  incidence;  therefore,  it 
Is  Important  to  be  able  to  accurately  predict  the  frequency 
signature  of  the  array  for  all  variations  in  the  parameters  which 
define  the  electromagnetic  system. 

In  order  to  accurately  predict  the  frequency  signature  of  an 
FSS  array  an  electromagnetic  boundary  value  problem  must  be 
solved.  A  full  wave  analysis  is  performed  using  harmonic  matching 
with  fields  on  either  side  of  the  screen  expanded  in  Floquet 
harmonics.  An  itergral  equation  In  terms  of  the  current  induced  on 
the  elements  (or  fields  In  the  aperature)  Is  constructed  by 
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Fig.  1  a.)  Reflector  antenna  system  employing  a  frequency  selective 
surface  and  b,  )  Commonly  used  frequency  selective  surface  elements 


enforcing  boundc.ry  conditions.  Using  the  method  of  moments  (MOM) 
[41,  the  current  induced  on  the  elements  is  computed  and  the 
transmission  ana  reflection  coefficients  determined.  The  MOM 
discretization  of  this  integral  equation  results  In  impedance 
elements  expressed  in  terms  of  doubly  infinite  series  over 
transverse  electric  (TE)  and  transverse  magnetic  (TM)  plane  wave 
modes.  Consequently,  numerical  processing  time  increases 
dramatically  as  the  number  of  expansion  functions  is  increased. 
Furthermore,  as  the  number  of  expansion  functions  increases  a 
greater  number  of  Floquet  harmonics  must  be  summed  to  obtain 
convergence  of  the  impedance  elements.  Generally,  the  number  of 
Floquet  harmonics  necessary  increases  with  increasing  spectral 
bandwidth  of  the  basis  functions  involved  [5].  For  this  reason, 
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efficient  as  entire  domain  expansion  functions. 


An  additional  requirement,  of  course,  is  that  the  expansion 
set  chosen  span  the  physical  current  distribution  on  the  FSS 
element.  It  is  rather  obvious  in  the  case  of  simple  dipole 
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form  an  efficient  entire  domain  expansion  set.  However,  an 
efficient  physically  accurate  expansion  set  is  not  as  easy  to 
select  for  scattering  elements  with  Junctions.  Case  in  point  is 
work  by  Agrawal  and  Irabriaie  {2]  who  analyzed  the  crossed  dipole 
FSS  array  using  continuous  sinusoidal  functions  over  the 
perpendicular'  arras  of  the  cross.  Tsao  and  Mlttra  [6]  later 
demonstrated  that  improved  results  for  the  crossed  dipole  array 
require  that  Agrawal  and  Imbrlale’s  expansion  set  be  extended  by 


including  current  expansion  functions  which  bend  at  the  Junction, 


The  Importance  of  this  so-called  "Junction  function"  has  been 
identified  by  several  others  [7]. 

In  this  paper  the  Singularity  Expansion  Method  (SEM)  is  used 
to  analyze  Isolated  FSS  elements  .  The  SEM  factors  the  transient 
current  response  of  the  element  into  poles  (damped  exponentials  in 
time  domain),  natural  current  modes,  and  coupling  coefficients. 
The  SEM  natural  cut  rent  modes  are  used  to  construct  an  efficient 
physically  accurate  entire  domain  expansion  set  for  the 
Floquet-MOM  analysis  of  the  FSS  array.  Since  the  SEIM  analysis  of 
the  isolated  element  is  based  on  a  MOM  formulation  using  simple 
box  like  expansion  and  testing  functions,  no  prior  knowledge  of 
the  physical  current  distribution  is  required  (except  for  the 
usual  end  and  Junction  conditions).  Preprocessing  using  the  SEM 
also  provides  important  insights  into  the  fundamental  scattering 
properties  of  the  FSS  element. 

SEM  Description  of  an  Isolated  FSS  Eleuoent 

Fig. lb  shows  the  geometry  of  several  commonly  used  frequency 
selective  surface  elements.  A  mum  matrix  equivalent  of  the 
electric  field  integral  equation  (EFIE)  for  an  isolated  FSS 
element  (linear  element,  tri-arm  element,  crossed  dipole,  etc.) 
may  be  written,  in  terms  of  the  complex  frequency  variable  s«n+Jw, 
as 


5(a)  I(s)  -  V(s)  (1) 

Pulse  expansion  and  testing  functions  are  used  in  the  MOM 
formulation  and  Kirchhoff’s  current  law  at  an  N-arm  Junction  is 
satisfied  by  extending  current  half-pulses  for  N-l  of  the  arms 


onto  the  Nth  arm.  A  singularity  expansion  of  the  system  Inverse 
gives  a  solution 


f(s)  -  £  - - -  V(s)  +  W  (s)  (2) 

s-s  e 
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with  the  system  residue  matrix  at  the  ath  system  pole  defined, 
using  Cauchy’s  residue  theorem,  as 


R  «  0  M  M*'  =  —  <j>  2"1(s)  ds  (3) 
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where  denotes  a  contour  enclosing  no  poles  other  than  that  at  s 
«*  and  t  denotes  the  transpose  operation.  Also,  VMs)  is  an 
entire  function  which  will  henceforth  be  suppressed.  The  dyadic 
nature  of  the  residue  matrix  in  (3)  is  expressed  in  terms  of  a 
na.tural  current  mode  vector  Ma  and  its  transpose;  is  simply  a 
convenient  proportionality  constant  so  that  the  current  mode's 
maximum  value  is  real  and  unity.  (Recall  that  the  natural  current 
modes,  ,  form  the  entire  domain  expansion  set  for  the  FSS 
ari-ay.  J  Substituting  (3)  into  (2)  and  writing  the  excitation 
vector  as  V(s)  *  f(s)  A(s)  (f(s)  is  the  functional  form  of  the 
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of  the  electric  vector  of  a  TE  or  TM  Impulsive  plane  wave  along 
the  1th  segment  of  the  isolated  element)  yields 


T(s)  «  f(s)  l  “  7)  (s) 
a  8 Ba  a 

with  a  coupling  coefficient  defined  as 

T}  (s)  -  fl  M  A(s) 
cl  a  a. 


(4) 


(5) 


The  coupling  coefficient  determines  how  much  the  c*th  current  mode 
couples,  into  the  response. 


Scattering  From  A  Frequency  Selective  Surface 


In  recent  years  numerous  investigators  have  formulated 
analyses  to  predict  the  reflection  and  transmission  coefficients 
of  FSS,  and  by  now  a  rather  substantial  body  of  literature  exists 
on  the  subject.  Recently,  a  special  issue  on  FSS  was  published 
which  contains  new  results  in  the  field,  and  articles  therein 
provide  an  exhaustive  list  of  references  [8}.  Here,  the  important 
steps  in  the  development  of  the  integral  equation  for  the  FSS 
array  are  summarized  without  mathematical  detail.  The  reader 
interested  in  a  more-  complete  development  is  referred  to  a  paper 
by  Montgomery  [9], 

In  Fig.  2  is  shown  an  Infinite  FSS  array  made  up  of 
arbitrarily  shaped  elements  mounted  between  two  dielectric  sheets. 
The  Incident  field,  defined  as  the  field  in  the  absence  of  the 
conducting  elements,  can  be  determined  by  assigning  standing  waves 
in  the  dielectric  regions  (+z  and  -z  traveling  waves  with  unknown 
amplitudes),  a  transmitted  (traveling)  wave  for  zs-d^lwlth  unknown 
amplitude),  a  reflected  wave  zsdg  (with  unknown  amplitude),  and  an 
incident  wave  with  known  amplitude.  Application  of  the  boundary 
conditions  (continuous  tangential  electric  and  magnetic  fields  at 
z»d2,  z*0,  and  z*-d2)  uniquely  defines  the  Incident  field  in  every 
region  in  terms  of  the  known  Incident  amplitude. 

The  next  step  is  tu  assume  that  an  electric  current  exists 
over  tl  e  perfectly  conducting  patches  located  at  z«0.  The  electric 
and  magnetic  fields  radiated  by  this  current  are  expanded  in  terms 
of  Floquet  harmonics:  +z  and  -z  traveling '  waves  in  the  regions 


z*d2  and  zz-d^  respectively,  and  standing  waves  in  the  regions 
-d^ziO  and  Oszxd^.  Again,  continuity  of  the  tangential  electric 
and  magnetic  fields  is  enforced  at  z=-d  and  z=-d„.  At  z*0  the 

X  b 

tangential  electric  field  must  be  continuous,  but  the  tangential 
magnetic  field  is  discontinuous  -  the  change  in  the  magnetic  field 
from  z-0+  to  z=0  is  exactly  equal  to  the  electric  current  at  z=0. 
Lastly,  on  the  conductors  at  z~0,  the  incident  tangential  electric 
field  must  cancel  the  tangential  electric  field  radiated  by  the 
currents.  Applying  this  final  boundary  condition  and  employing  the 
orthogonality  of  the  Floquet  modes  results  in  the  desired  electric 
field  integral  equation  (EFIE)  for  the  unknown  currents  induced  on 
the  conductors  at  z=-0.  The  MOM  can  be  used  to  solve  for*  the 
induced  currents,  and  then  it  is  a  simple  matter  to  compute  the 
total  reflected  and  transmitted  fields.  The  total 
reflected/transmitted  field  Is,  of  course,  the  sum  of  the 
reflected/transmitted  field  due  to  the  dielectric  slabs  (with  no 
conducting  elements)  and  the  reflected/transmitted  field  radiated 
(in  the  presence  of  the  dielectric  slabs)  by  the  Induced  currents 
at  z=0. 

The  MOM  equation  , 2  I  =  V,  for  the  FSS  array  has  some 
interesting  features.  Because  of  the  Floquet  expansion  of  the 
scattered  fields  ,  elements  of  the  impedance  matrix  are 
represented  In  terms  of  a  doubly  infinite  series  over  TM  and  TE 
plane  wave  modes.  More  precisely,  an  element  of  the  matrix  say 
z^,  is  represented  as  an  infinite  sum  of  products.  One 
multiplicand  is  the  product  of  the  (p,q)^  TE/TM  Floquet  mode  and 
the  nth  MOM  expansion  function  integrated  over  the  region  occupied 
by  the  conducting  patch.  The  other  multiplicand  is  , as  expected. 


the  product  of  the  conjugate  of  the  (p.q)^  TE/TM  Floquet  mode  and 
the  «th  MOM  expansion  function  integrated  over  the  same  region.  As 
mentioned  in  the  introduction,  electrically  short  (fraction  of  a 
wavelength)  subdomain  expansion  functions  have  larger  spectral 
bandwidths  than  electrically  longer  entire  domain  expansion 
functions.  It  is  natural  to  expect  that  the  above  mentioned 
integrals  will  have  significant  amplitudes  even  for  relatively 
high  order  Floquet  modes  if  electrically  short  subdomain  expansion 
functions  are  used.  Therefore,  to  maximize  numerical  efficiency  it 
is  important  to  use  entire  domain  expansion/testing  functions  in 
the  MOM  description  of  the  FSS  array. 

Nuusrical  Results 

In  order  to  demonstrate  the  theory,  numerical  results  will  be 
presented  for  the  symmetrical  penta-arm  element  shown  in  Fig. 3. 
First,  the  SEM  poles  and  corresponding  natural  current  modes  for 
this  element  will  be  presented.  These  SEM  current  modes  are  then 
used  as  an  efficient  physically  accurate  set  of  entire  domain 
expans ion./testing  functions  in  the  Floquet/MOM  analysis  of  the  FSS 
array.  Reflection  and  transmission  signatures  for  the  penta-arm 
FSS  array  are  presented  for  a  variety  of  excitation  conditions. 

SEM  poles  for  a  simple  thin  linear  element  occur  in  layers 
roughly  parallel  to  the  imaginary  axis  [10];  and  only  those  poles 
in  the  layer  nearest  the  imaginary  axis,  those  with  small  damping 
constants,  contribute  signif icantly  to  the  response.  Poles  in  the 
fundamental  layer,  when  multiplied  by  the  tip-to-tlp  arm  length 
(say  1)  and  divided  by  the  speed  of  light,  have  imaginary  parts 
which  occur  at  approximately  n,2n, . . . , corresponding  to  an  element 


length  of  one-half,  one,  ..wavelengths.  As  expected,  the  SEM 
natural  current  modes  associated  with  these  fundamental  layer 
poles  correspond  to  the  resonant  current  distributions  of  a  dipole- 
driven  at  Its  center. 

One  finds  that  the  tri-arm  element  (see  Fig. 1)  has  a  double 
pole  in  Its  first  layer  fundamental  resonance  region  and  that  the 
crossed  dipole  (see  Fig. 1)  has  a  double  pole  and  a  single  pole  In 
its  first  layer  fundamental  resonance  region.  (Actually,  it  more 
accurate  to  view  the.'e  "double"  poles  as  single  order  poles  with 
second  order  degeneracies.  )  The  tri-arm  element  with  its  doubly 
degenerate  pole  has  two  distinct  current  modes;  one  flows  from  the 
tip  of  arm  1  through  the  Junction  to  the  tip  of  arm  2  (no  currei  f 
on  arm  3),  and  the  other  flows  from  the  tips  of  arms  i  and  2  into 
the  Junction  and  onto  arm  3.  It  is  natural  to  identify  the  former 
as  an  antl-symmetrlc  and  latter  as  a  symmetric  mode  I  111.  The 
doubly -degenerate  pole  of  the  cross  has  one  mode  that  flows  from 
the  tip  of  arm  1  to  the  tip  or  arm  2  (no  current  on  arms  3  and  4), 
and  another  wherein  the  current  flows  from  the  tip  of  arm  3  to  the 
tip  or  arm  4  (no  current  on  arms  1  and  2).  The  crossed  dipole's 
other  fundamental  resonance  region  pole  has  a  mode,  the  so-called 
crooked  mode  113],  which  flows  from  arm  1  to  the  Junction  then 
onto  arm  3,  and  from  arm  2  to  the  Junction  onto  arm  4. 

A  thin-wlre  MOM  program  has  been  used  to  extract  the  SFM 
parameters  of  the  Isolated  penta-arm  geometry  of  Fig. 3.  Poles  are 
located  via  a  numerical  search  for  those  complex  frequencies  which 
drive  the  determinant  of  the  system  matrix  to  zero.  The 
corresponding  modal  current  distributions  are  found  from  a 


numerical  adaptation  of  (3).  Fig. 4  gives  the  location  of  first 
layer  poles  for  the  penta-arm  element  of  Fig. 3.  The  penta-arm 
element  has  a  pair  of  "double"  poles  in  its  fundamental  resonance 
region.  Figs.  5-8  show  the  modal  current  distributions 
corresponding  to  these  poles.  Current  modes  shown  in  Figs.  5  and  6 
correspond  to  the  "double"  pole  farthest  from  the  imaginary  axis 
while  those  shown  in  Figs.  7  and  8  correspond  to  the  "double"  pole 
closest  to  the  imaginary  nx is.  Currents  shown  in  Fig.  5  flow  from 
arms  4  and  5  into  the  Junction  then  onto  arms  2,3,  and  1.  Currents 
shown  in  Fig.  6  flow  from  arm  3  Into  the  Junction  then  onto  arm  2, 
and  from  arm  5  into  the  Junction  onto  arm  4.  The  currents  shown  In 
Fig.  7  flow  from  the  tips  of  arms  2  and  3  into  the  Junction  and 
then  split  and  flow  onto  arms  1,4,  and  5.  Current  flow  directions 
shown  in  Fig.  8  are  similar  to  those  of  Fig.  6  except  the  currer v 
magnitudes  and  flow  directions  are  reversed. 

Now  that  the  SEM  modes  for  the  isolated  penta-arm  element 
have  br  n  identified,  the  next  step  is  to  employ  these  modes  as 
entire  domain  test ''ng/expans  ion  functions  in  the  Floquet  MOM 
analysis  of  the  penta-arm  FS3  arny.  This  is  aecompl lslied  by  using 
simple  sinusoidal  approximations  to  the  SEd  natural  current  modes 
of  Figs. 5-8.  The  geometry  of  the  Penta-arm  FSS  is  shown  in  Fig. 9, 
and  all  the  results  given  here  are  for  an  array  with  1=6. Omm, 
w*0.  15mm,  Dl“6.0mm,  D2=4.67mm,  <x=130°,  d^O.O,  d^O.  037mm,  and 

cr2=3.0.  Fig. 10  shows  the  convergence  of  the  TM/TM  reflection 
coefficient  (or  equivalently  the  TM  impedance  elements)  for 
varying  numbers  of  Floquet  Ptodes  -  convergence  is  essentially 
reached  with  529  Floquet  modes.  TM/TM  and  TE/TE  reflection  and 
transmission  signatures  are  given  in  Figs. 11  and  12  for  various 


Fig. 7  SEM  natural  currant  aode  for  the  isolated  pent a- arm  element. 
This  current  distribution  is  associated  with  the  first  layer 
fundamental  resonance  region  pole  nearest  the  imaginary  axis. 
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Fig.  8  SEM  natural  current  mode  for  the  Isolated  penta-arm  e'. 
This  current  distribution  Is  associated  with  the  first 
fundamental  resonance  region  pole  neiirest  the  Imaginary  axif 
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of  Floquet  modes  for  the  array  geometry  of 
w^O.  15mm,  01=6. Omm,  D2-4. 667mm,  a*130  ,  d^O, 


c  *3.0,  and  d  *0.037 mm. 
r2  2 
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Fig. 11  TM/TM  frequency  response  for  the  array  geometry  of  Fig.  9 
with  1=6. 0mm,  w=Q.  15mm,  Dl=6.0mm,  D2=4. 667mm,  aa130o,  <1=0. 

i  /  <3 

d  =0. 037mm,  and  e  “3.0.  a.)  TM/TM  reflection  coefficient,  b.  ) 

«  r* 

TM/TM  transmission  coefficient.  The  plane  of  incidence  is  ^=0°. 
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Fig.  12  TE/ 
with  1*6. 
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angles  of  incidence.  The  TM/TM  reflection  coefficient  resonance 
point  experiences  a  2.0  GHz  shift  as  the  angle  of  incidence  is 
varied  from  6=0°  to  0=60°.  This  shift  can  be  reduced  by  adjusting 
the  thickness  and/or  capacitivity  of  the  dielectric  sheets  which 
support  the  array. 

In  general,  the  penta-arm  FSS  array  has  filter 
characteristics  which  are  fairly  insensitive  to  polarization  and 
angle  of  incidence  variations.  On  the  other  hand,  the  TM/TM 
frequency  signature  of  the  crossed  dipole  varies  considerably  with 
only  slight  variations  in  angles  of  incidence.  (The  TE/TE 
frequency  signature  of  the  crossed  dipole  is  quite  stable. )  A 
stable  frequency  signature  is  also  observed  for  the  tri-arm 
element.  It  is  curious  that  planar  single  Junction  n-arm  elements 
with  an  odd  number  of  arms  seem  to  have  stable  responses  (e.g.  the 
tri-arm  and  penta-arm  elements)  whereas  elements  with  an  even 
number  of  arms  (e.g.  the  crossed  dipole)  seem  to  have  polarization 
sensitive  frequency  signatures.  Further  investigation  is,  of 
course,  requiied  to  establish  the  validity  (or  lack  thereof)  of 
this  trend. 


Conclusions 

In  the  Floquet-MOM  description  of  scattering  from  an  FSS 
array,  efficient  and  accurate  results  depend  on  the  analyst 
ability  to  choose  a  minimum  set  of  expansion  functions  which 
result  in  a  physically  accurate  representation  of  the  current 
induced  on  the  scattering  elements.  This  paper  has  demonstrated 
that  foi  the  penta-arm  array  Just  such  a  set  can  be  synthesized 
from  the  SEM  natural  current  modes  of  an  isolated  penta-arm 


element.  The  MOM-SEM  analysis  of  the  isolated  element  employed 
simple  box  like  expansion  and  testing  functions  which  require 
little  or  no  prior  knowledge  of  the  physical  current  distribution 
(except  for  the  usual  end  and  Junction  conditions).  Preprocessing 
using  SEM  provides  important  Insights  Into  the  fundamental 
scattering  properties  of  the  element. 


References 


[1]  C.E.  Baum,  “On  the  singularity  expansion  method  for  the 
solution  of  electromagnetic  Interaction  problems,"  AFWL 
Interaction  Notes,  Note  88,  December  1971. 

[2]  V.D.  Agrawal  and  W.  A.  Imbraiale,  "Design  of  a  dichroic 
Cassegrain  subreflector,"  IEEE  Trans.  Antennas  Propagat. , vol. 
AP-27,  pp.  466-473,  July  1979. 

[3]  Raj  Hlttra  and  Vic  Galindo-Israel,  "Shaped  Dual  Reflector 
Synthesis,"  IEEE  Trans.  Antennas  Propagat.  Society 
Newsletter.,  vol.  22,  No.  4,  pp.5-9,  Au^ist  1980. 

[4]  R. F.  Harrington,  Field  Computation  By  Moment  Methods, 
Macmillan,  1968. 

[5]  S.  Contu  and  R.  Tascone,  "Scattering  from  passive  arrays  in 
plane  stratified  regions,"  Electromagnetics,  vol.  5,  no.  4,  pp. 
285-306,  1985. 


r 

lO  j 


*n _ - n 

olx- 


- i - 1  — 

cuicuyai » 


frequency  selective  surfaces  comprised  of  periodic  arrays  cf  cross 
dipoles  and  Jerusalem  crosses,"  IEEE  Trans.  Antennas  Propagat. , 
vol.  AP-32,  pp.  478-485,  May  1984. 


[7]  E.  L.  Pelton  and  B.A.  Munk,  "Scattering  from  periodic  arrays 
of  crossed  dipoles."  IEEE  Trans.  Antennas  Propagat.,  vol.  5,  no, 
4,  pp.  323-330,  May  1979. 

[8]  Rodolfo  S.  Zlch,  Guest  Editor,  "Special  issue  on  frequency 
selective  surfaces,"  Electromagnetics,  vol.  5,  no.  4,  1985, 


[9]  J.P.  Montgomery,  "Scattering  by  an  infinite  periodic  array  of 
thin  conductors  on  a  dielectric  sheet,"  IEEE  Trans.  Antennas 
Propagat.,  vol.  AP-23,  pp.  70-75,  January  iy75. 


[10]  F.  M.  Tesche,  "On  The  Singularity  Expansion  Method  As  Applied 
To  Electromagnetic  Scattering  From  Thin  Wires,"  AFWL  Sensor  and 
Simulation  Notes,  Note  177,  (May  1973).  (Also  as  F.  M.  Tesche,  "On 
The  Analysis  Of  Scattering  And  Antenna  Problems  Using  The 
Singularity  Expansion  Technique,"  IEEE  Trans.  Antennas  Propagat., 
vol.  AP-21, (1973), pp.  52-63.) 

[11]  C,  E.  Baum,  "Interaction  Of  Electromagnetic  Fields  With  An 
Object  Which  Has  An  Electromagnetic  Symmetry  Plane, "  AFWL 
Interaction  Note,  Note  63,  (March  1971). 


OPTIMAL  LOADING 
ABSTRACT 
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The  problem  of  minimizing  the  scattering  cross  section  of  an  obstacle  by  varying  the  sur¬ 
face  impedance  can  be  discreetly  approximated  as  a  non-linear  optimization  problem  This 
problem  can  be  economically  solved  by  incorporating  the  Sherman-  Morrison-  Wood  bury 
(SMW)  formula  into  moment  method  codes  such  as  NEC. 

An  appropriate  objective  function  depends  on  the  scattering  cross  section  at  the  angles 
and  frequencies  of  interest.  Let  n  be  the  number  of  cells  in  the  obstacle  and  let  p  be 
the  number  of  cells  with  variable  impedance;  in  practice  n  »  p  Then  application  of  the 
SMW  formula  results  in  objective  function  evaluations  requiring  an  Q  [np  +  p*)  operation 
count.  In  contrast,  application  of  the  classical  method  of  moments  results  in  objective 
function  evaluations  requiring  an  Q  (n3)  operation  count.  Additionally,  application  of 
the  SMW  formula  yields  objective  function  gradient  evaluations  requiring  an  Q 
operation  count.  Storage  savings  can  also  be  exploited. 

The  SMW  formulation  and  required  code  modifications  are  explained.  Operation  counts 
and  efficiency  comparisons  are  examined.  Calculations  and  timing  statistics  are  presented. 
Calculations  are  performed  using  a  2-D  code  and  N  EC. 


Introduction 


We  ere  interested  in  minimizing  the  scattering  cross  section  of  an  obstacle  by  varying  the 
surface  impedance.  The  discrete  approximation  to  this  problem  is  a  nonlinear  optimization 
problem.  In  the  analysis  below  we  consider  a  single  angle  and  a  single  frequency;  practical 
applications  usually  consider  a  range  of  angles  and  frequencies.  For  simplicity,  the  cane  of 
real- valued  impedance  is  presented  in  the  analysis.  The  general  case  ht  solved  by  treating 
the  real  and  imaginary  parte  as  separate  variables. 

bet  /j  be  the  vector  of  discrete  impedances  of  the  cells  in  the  scattering  obstacle.  Let  B 
be  the  impedance  matrix  associated  with  the  obstacle  geometry  and  /i.  Then  the  objective 
function  of  the  optimization  problem  is  o  ~  a  (/i)  where  <y  ~\L  (x)  |J,  where  L  is  a  linear 
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in  pr.*ciiec  the  impedance  is  varying  over  p  cells  v/ith  n  »  p,  n  the  total  number  cf 
cello  in  the  problem,.  After  solving  for  o  once  using  the  classical  method  of  moments,  the 
?'htrmari  Morrison- Woodbury  (SMW)  formula  can  be  applied  to  ^ronomically  evaluate 
er[ij  it  subsequent  values  of  p. 

Analysis 

The  SMW  formula  efficiently  woives  the  system  of  Unear  equations  Bz  —  b  when  A  —  B 
consists  of  a  few'  rovs  or  eoluraus  and  A~‘-bm  easily  computed.  Specifically,  if  A—B  --  UVT 
with  UnXp  and  l«*p,  then 

B“l  =  A "l  +  A~lV  (I  -  VTA-1U)"'1VTA"1 

is  the  SMW  formula. 

For  simplicity,  assume  below  that  the  cells  in  the  model  are  ordered  so  that  the  only 
the  first  p  cells  have  variable  impedance,  end  that  these  impedances  vary  independently. 
The  general  case  can  be  handled  by  column  pivoting  and  miner  manipulation  of  indices. 


Let  A  be  the  impedance  matrix  associated  with  an  initial  impedance  f*o  and  let  B  be  the 
impedance  matrix  at  an  updated  value  of  p.  Using  the  above  notation,  A  —  B  —  UVT  — 
V  (P|0]  where  D  is  a  pxp  diagonal  matrix  and  U  is  independent  of  p.  This  last  observation 
allows  U  to  be  overwritten  by  A~lU  at  the  outset  of  the  problem,  then  referenced  during 
all  subsequent  objective  function  evaluations.  Likewise,  A~Lb  can  be  computed  once  and 
stored. 

The  flow  of  the  optimization  calculations  and  the  necessary  programming  proceeds  as 
follows.  Minor  modifications  to  an  existing  moment  method  code  allow  processed  geome¬ 
try,  the  factored  impedance  matrix,  and  pivoting  information  to  be  written  out  for  latex 
use  in  the  optimization  calculation.  At  the  outset  of  the  optimization  calculation,  U  and 
h  are  calculated  using  subroutines  extracted  from  the  existing  moment  method  code,  then 
overwritten  with  A~lV  and  A~xb.  At  this  stage  A~  l  is  no  longer  needed,  so  the  memory' 
used  by  A~l  can  store  A~lU  if  appropriate  I/O  operations  have  been  used  to  compute  U 
and  A~lU  out  of  com.  Next  the  optimization  loop  begins  with  the  bulk  of  the  computa¬ 
tional  expense  incurring  in  the  objective  function  evaluations.  Since  optimization  software 
is  readily  available,  the  main  programming  effort  iies  in  coding  the  objective  function.  The 
flow  of  the  above  calculations  is  summarized  in  figure  1. 

The  details  of  the  operation  count  for  the  objective  function  evaluations  appear  in  figure 
2.  It  can  be  seen  that  using  the  £MW  formula  results  in  an  Q  (np  4-p8)  operation  count 
compared  with,  an  O  (n*)  operation  count  using  the  classical  method  of  momentB. 

The  utility  of  derivatives  in  optimization  algorithms  is  well  known.  A  finite  difference 
approxiniafon  to  the  gradient  of  <r  requires  Q  (ftp2)  operations.  The  gradient  can  also 
be  computed  in  O  irLP7)  operations  by  applying  the  SMW  formula  and  observing  that 
required  in  termed  kite  quantities  are  already  stored  for  objective  function  evaluations. 
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Recall  that 


<r  =  |£  (*)!*  =  I  (,)!(*) 


from  which 


&~L(§k)LW+H*)L(£;) 

by  the  linearity  of  L.  The  derivatives  of  x  axe  obtained  by  implicitly  differentiating  Bx  =  b : 


dB 

dtik 


-  0 


J*  __»-i  (eB  A 

£>»  \Sfit  ) 

If  we  write  x  —  %xn)T  and  U  —  >Vp)t  then  —  (0,,..  tUk,...  ,0). 

and  so  -  xhVh.  From  this  it  follows  that  ~  ~xHB’l(Uh'l  Now  the  SMW 

formula  can  be  applied  to  compute  B~l  ((/*)  in  0(«P)  operations  using  the  (act  that 
.A-1  (TV)  is  already  stored  for  use  in  evaluating  the  objective  function.  Assuming  that 
( J  —  VT  A~XV)  1  is  also  already  stored,  the  gradient  of  a  can  be  calculated  as  above  in 
O  (up7)  operations. 

Examples 


We  first  present  timing  statistics  for  calculations  performed  on  a  VAX  ll-7£5  computer. 

We  consider  below  a  2-D  conducting  ogive  with  a  resistive  taper.  The  ogive  is  viewed 
edge  on,  towards  the  taper,  with  the  electric  field  vector  peiailel  to  the  edge.  The  model 
contains  75  cells,  and  the  resistive  taper  contains  3  cells.  The  resistances  arc  allowed  to 
vary;  in  the  above  notation,  n  ■=  76,  and  p  =  3,  Tw  optimisation  was  performed  m 
three  frequencies.  The  initial  classical  method  of  moments  calculation  required  epu 
seconds  for  all  three  frequencies.  The  optimisation  calculation  required  39  cj.u«  second**  io 
periorm  a  total  of  239  objective  function  evaluaiions,  each  over  all  three  frequencies  This 

I 

I _ _ _ . _ ii  ■  ....  ■  .  -  ...  .  *j-  ..  i  thus/,  UrtM,.**  #i  tut- 


averages  to  about  .165  cpu  seconds  per  iteration,  or  about  a  150  fold  improvement  over 
the  classical  method  of  momenta  in  this  settling. 

We  now  present  an  example  using  the  NEC2  code.  It  is  well  known  that  impedance 
loading  can  he  used  to  control  the  scattering  from  dipoles.  For  example,  [2]  reports  30  to 
40  db  reductions  in  broadside  scattering  from  center  loaded  dipoles.  We  consider  a  pair  of 
parallel  dipoles  viewed  in  the  plane  of  the  dipoles.  The  dipoles  are  l  meter  long,  spaced 
.2  meters  apart,  and  are  divided  into  6  segments.  The  center  two  segments  of  each  dipole 
are  loaded  with  impedances  of  78  -H  407 y  and  56  -f*  487ji,  The  scattering  was  optimized 
over  the  sector  from  0  to  40  degrees  using  5  angles  at  a  single  frequency,  300  mhz.  The 
result  of  the  Loading  can  be  seen  in  figure  3. 

Conclusion 

We  have  shown  that  the  well  known  technique  of  impedance  loading  can  be  efficiently 
applied  using  moment  method  techniques.  The  implementation  c?ji  use  subroutines  iiom 
existing  moment  method  codes  and  existing  optimization  software.  Unlike  earlier  tech¬ 
niques  [2],  a  separate  analysis  is  not  required  for  each  new  geometry. 

References 

(1)  E.  Yip,  B.  Tomas,  ”  Solving  Perturbed  Problems  in  a  Moment  Method  Code”,  3rd 
Annual  Review  of  Progress  in  Applied  Computational  Electromagnetics.  March, 
1967. 

(2)  J.K.  Schindler,  R.B.  Mack,  P.  Blacksmith,  Jr.,  "The  Control  of  Electromagnetic 
Scattering  by  Impedance  Loading*',  Ptoc,  IEEE,  vol.  53,  pp.993-2094,  Ang.  1965 


4 


Sherman-Morrison- Wood  bury  Updating: 
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Figure  2.  FLOP  Counts  of  Update  Calcula¬ 
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The  development  of  computational  techniques  for  the  analysis  of 
inhomogeneous  dielectric  bodies  began  more  than  two  decades  ago,  with 
the  work  of  Richmond.  Since  then,  numerous  formulations  based  on 
integral  and  differential  equations  have  been  proposed.  Many  of  these 
formulations  are  based  on  the  electric-field  integral  /  quation  (ERE). 
Throughout  the  past  decade,  observed  inconsistencies  in  numerical  results 
produced  by  some  of  the  EFIE  methods  led  to  controversy  regarding  their 
accuracy.  The  lack  of  consensus  evident  in  the  literature  is  due  in  part  to  the 
absence  of  systematic  validation  procedures  for  computer  codes  of  this  type. 
Adequate  validation  procedures  would  identify  both  software  "bugs"  and 
limitations  of  the  mathematical  formulation  on  wliich  the  code  is  based.  An 
important  goal  of  the  validation  process  is  to  employ  a  wide  range  of 
parameters  dunijg  testing,  because  experience  suggests  that  most  codes 
remain  robust  only  over  a  rather  limited  range  of  parameters. 


This  paper  will  trace  the  development  of  integral  equation 
formulations  for  scattering  from  two-  and  three  dimensional  dielectric 
bodies.  Numerical  results  will  be  used  to  illustrate  instabilities  with  some  of 
the  EFIE  formu  ationr.  Numerical  difficulties  arc  observed  only  when 
ourfacc  charge  plays  a  significant  role  in  the  scattering  mechanism,  and  thus 
affect  the  validity  of  the  two-dimensional  EFIE  for  the  TE  polarization  and 
the  three-dimensional  EFIE.  After  a  discussion  of  validation  issues,  the 
paper  will  consider  recent  remedies  to  the  numerical  difficulties. 
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INTRODUCTION 

Radome  design,  microwave  energy  deposition  in  biological  tissues,  and  radar  cross 
section  prediction  for  complex  targets  all  involve  electromagnetic  scattering  from  dielectric 
bodies.  Although  numerous  techniques  have  been  presented  for  the  electromagnetic 
analysis  of  wire  structures  and  other  perfectly  conducting  scatterers,  relatively  few  methods 
have  been  developed  for  the  treatment  of  highly  inhomogeneous  bodies.  The  most  widely- 
used  procedures  suitable  for  inhomogeneous  structures  are  based  on  volume  discretizations 
of  the  electric  field  integral  equation  (EFTE).  Richmond  proposed  EFIE  formulations  for 
two-dimensional  dielectric  cylinders  based  on  a  pulse  basis  /  point-matching  discretization, 
and  square  cell  models  [1-2].  Livesay  and  Chen  presented  a  similar  procedure  for  treating 
the  three-dimensional  case,  employing  cubical  cells  or  "block"  models  [3].  Since  these 
original  formulations  were  developed,  several  techniques  employing  higher-order  basis  and 
testing  functions  and  more  sophisticated  scatterer  models  have  been  proposed.  For  the 
low-frequency  two-dimensional  transverse-electric  (TE)  case,  Hill,  Durney  and 
Christensen  presented  a  scheme  using  linear  basis  and  testing  functions  with  the  EFIE  in 
conjunction  with  polygonal  cells  [4].  Al-Bundak,  Langan  and  Wilton  developed  a  EFIE 
formulation  employing  rooftop  basis  functions  on  triangular  cells  [5-6].  Recently,  a 
magnetic-field  integral  equation  (MFIE)  formulation  has  been  developed  by  Peterson  and 
Klock  for  the  TE  case,  employing  linear  basis  functions  and  point  matching  with  triangular 
cells  [7].  For  the  general  three-dimensional  case,  Schaubert,  Glisson  and  Wilton  presented 
an  EFIE  formulation  employing  rooftop  basis  functions  and  a  tetrahedral  cell  model  [8]. 
Tsai  et  al.  presented  an  EFIE  formulation  using  linear  basis  and  testing  functions  with 
polyhedral  cell  shapes  [9]. 

Because  of  the  relative  simplicity  of  the  original  pulse  basis  /  point-matching  EFIE 
formulations  compared  to  the  other  approaches,  the  methods  of  Richmond  [1-2]  and 
Livesay  and  Chen  [3]  have  been  employed  by  many  researchers  over  the  past  two  decades 
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for  radar  scattering  work  and  analyzing  power  deposition  in  biological  media  [10-16], 
Unfortunately,  observed  inconsistencies  in  the  numerical  results  produced  by  these  simple 
formulations  have  contributed  to  controversy  regarding  their  accuracy  [17-21].  Recent 
investigations  into  the  accuracy  of  these  methods  suggest  that  the  difficulties  are  only 
observed  when  surface  charge  density  contributes  significantly  to  the  electromagnetic 
scattering  mechanism.  In  other  words,  difficulties  occur  for  the  three-dimensional  and  the 
two-dimensional  TE  formulations.  In  addition,  numerical  instabilities  appear  to  get  worse 
as  the  relative  permittivity  of  the  scatterer  becomes  large.  Borup,  Sullivan  and  Gandhi 
attribute  these  difficulties  to  two  factors,  the  presence  of  fictitious  charge  at  interfaces 
between  cells  and  the  inadequate  modeling  of  interfaces  where  charge  should  occur  [21]. 

It  is  noteworthy  that  two  decades  have  passed  since  the  introduction  of  the  original 
pulse  basis  /point-matchir**  EFTE  formulations  for  cylinders,  and  almost  15  years  since  the 
analogous  formulation  for  the  three  dimensional  case.  Yet,  the  apparent  difficulties  have 
only  recently  been  clearly  recognized  and  their  origins  identified.  One  possible  explanation 
for  this  delay  is  the  lack  of  systematic  validation  procedures  to  test  computer  codes  for 
electromagnetics  problems.  The  history  of  the  difficulties  associated  with  EF1E 
formulations  for  dielectric  scatterers  suggests  several  conclusions  related  to  code  validation 
issues. 

This  paper  will  discuss  the  difficulties  associated  with  the  EFIE  formulations  for 
inhomogeneous  dielectric  scatterers.  Although  alternatives  to  volume  integral  equation 
formulations  have  been  developed  for  treating  highly  inhomogeneous  dielectric  scatterers, 
this  paper  will  not  consider  time-domain  methods,  differential  equation  formulations, 
"body-of-revolution"  formulations,  or  those  approaches  that  employ  iterative  algorithms  to 
solve  the  linear  system  of  equations.  Note  that  all  of  these  alternative  procedures  can  be 
effective  in  certain  situations  and  may  even  be  preferable  to  the  integral  equation  approaches 
discussed  here. 


THE  ELECTRIC-FIELD  INTEGRAL  EQUATION 


The  electric-field  integral  equation  (EFIE)  representing  a  three-dimensional 
dielectric  scattering  problem  can  be  written  in  several  forms.  If  expressed  entirely  in  terms 
of  the  magnetic  vector  potential,  die  EFIE  is 

-inc  =  gtot _  Yy,-+.k...  a 

J0**  (1) 


If  expressed  in  terms  of  the  vector  and  scalar  potentials,  the  EFIE  is 
Einc  =  Etot  +  j0)p1)  A  +  VO 


(2) 


where 


A(x,y,z)  =  J  J  J Kx\y\z')  dx'dy'dz’ 
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and 

R  =  V  (x-x’)2  +  (y-y')2  +  (z-z')2 


(5) 


The  incident  field  is  the  field  that  would  be  present  in  the  absence  of  the  scatterer.  The 
typical  geometry  is  shown  in  Figure  1.  Although  these  forms  of  the  EFIE  are  analytically 


equivalent,  they  may  differ  in  implementation  because  of  various  approximations  typically 
made  when  constructing  a  method-of-  moments  matrix  equation  [17], 


The  equivalent  polarization  current  density  appearing  in  Equation  (3)  is  defined 
J=joje0(er-l)Etot  (6) 

The  charge  density  appearing  in  Equation  (4)  is  related  to  the  electric  field  in  the  dielectric 
region  by 

p  =  e0erE”,v(i-') 

\£tJ  (7) 

Consider  the  effect  of  the  geometry  on  the  location  of  charge  density.  In  a  homogeneous 
dielectric  scatterer  the  relative  permittivity  er  is  a  constant.  The  gradient  in  Equation  (7) 
vanishes  except  on  the  surface  of  the  scatterer,  where  it  contributes  a  Dirac  delta  support  to 
the  charge  density.  Because  of  this,  the  integration  of  Equation  (4)  will  collapse  to  a 
surface  integral.  In  a  dielectric  region  that  is  piecewise  homogeneous,  charge  density  is 
confined  to  the  interfaces  between  different  media.  If  the  scatterer  has  a  continuously 
varying  permittivity  profile,  there  will  be  a  continuous  distribution  of  charge  density 
throughout  the  volume  of  the  scatterer  (as  well  as  a  surface  layer  of  charge  on  any 
interfaces  that  may  exist). 


THE  PULSE  BASIS  /  POINT-MATCHING  EFIE  FORMULATIONS 

In  the  original  Richmond  formulation  for  the  two-dimensional  TE  polarization,  the 
internal  equivalent  current  density  is  expanded  in  terms  of  pulse  basis  functions  defined 
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over  cells  that  are  approximately  square.  It  was  observed  that  if  the  cells  were  replaced  by 
circular  regions,  the  integrals  could  be  evaluated  in  closed  form  [1,2].  The  computational 
efficiency  of  this  approach  was  appealing,  as  it  circumvented  the  need  for  two-dimensional 
numerical  integration.  A  similar  procedure  was  suggested  by  Livesay  and  Chen,  who 
presented  closed-form  expressions  for  the  diagonal  elements  of  the  matrix  based  on 
replacing  a  cubical  cell  by  a  sphere  of  the  same  volume  [3].  They  recommended  using 
some  form  of  numerical  integration  to  evaluate  the  off-diagonal  elements.  The  early 
formulations  [1-3]  all  employed  the  form  of  the  EFIE  appearing  in  Equation  (1),  and  thus 
did  not  specifically  address  the  treatment  of  surface  charge  density. 


CELL  DENSITIES 


The  general  "rule  of  thumb"  in  dealing  with  integral  equation  formulations  for 
electromagnetic  scattering  problems  (specifically,  when  employing  subsectional  basis  and 
testing  functions)  is  to  require  the  cell  sizes  in  use  to  fall  in  the  vicinity  of  10  cells  per 
wavelength.  Translating  this  into  the  context  of  a  volume  dielectric  region,  this  suggests 
recommended  cell  densities  of 


100  |  £j. 


cells 


(8) 


for  the  two-dimensional  problem  and 


1000 


ej? 


cells 


(9) 
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for  the  three-dimensional  formulation.  Note  that  the  wavelength  in  the  dielectric  medium  is 
scaled  according  to  the  complex  permittivity,  so  that  \q  represents  the  free-space 
wavelength. 

It  is  interesting  to  examine  the  recommended  cell  densities  proposed  in  the 
literature,  and  even  more  interesting  to  examine  the  cell  densities  actually  used  in  a  number 
of  applications.  Richmond  recommended  a  minimum  cell  density  of 


(10) 


with  his  original  pulse  basis  /  point-matching  EFIE  [2].  Al-Bundak,  in  connection  with  a 
rooftop  basis  /  triangular  cell  method  [5],  suggests  cell  densities  of  . 


128  |  e. 


cells 


(ID 


Both  these  estimates  are  in  line  with  the  "rule  of  thumb"  mentioned  above.  However,  a 
paper  by  Hagmann  et  al.  presents  a  lower  bound  of  [16] 


(12) 


This  density  seems  inadequate  to  ensure  the  validity  of  the  numerical  solution. 

Analogous  recommended  cell  densities  are  available  in  the  three-dimensional  case. 
In  their  original  paper,  Livesay  and  Chen  suggest  [3,12] 


(13) 


This  estimate  does  noi  take  into  account  the  permittivity  of  the  medium  ard  is  obviously 
inadequate.  Schaubert  et  ai.  recommend  a  cell  density  of  [8] 

(14) 


c/v,  |  1 1  cells 

500  I  fcj  I  2  — — 


This  is  in  line  with  the  "rule  of  thumb"  mentioned  above.  However,  Hagmann  et  ai. 
present  a  lower  bound  for  the  three-dimensional  case  of  [16] 

cells 

(15) 


Although  this  cell  density  seems  ridiculously  low  compared  to  the  "rule  of  thumb,"  it 
appears  to  have  been  used  as  a  reasonable  value  by  other  researchers  [15,18]. 

A  survey  of  the  published  literature  suggests  that  the  cell  densities  in  use  are  often 
insufficient.  For  example,  Chen  and  Guru  present  results  based  on  [12] 


I.  l- 

lO  ICjfl  2 


cells 


(16) 


Massoudi  et  al.  [18]  present  an  example  employing  a  cell  density  of 


^xlls 

A.Q 


(17) 


Chen,  Livesay,  and  Guru  attempt  to  model  a  conductor  with  the  EFIE  formulation, 
employing  cell  densities  of  approximately  [10] 
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0.0015  |e,.|T 

(18) 

In  a  different  example,  they  employ 
cells 

0,3 

Ao  (19) 

In  a  three-dimensional  volume  formulation,  it  is  difficult  to  employ  adequate  cell 
densities  because  of  the  large  required  matrix  storage.  However,  these  examples  suggest 
that  many  of  the  published  results  based  on  the  EFIE  formulations  are  based  on  cell 
densities  significantly  below  that  necessaiy  to  ensure  accurate  numerical  solutions. 


DIFFICULTIES  AND  REMEDIES 

Harrington  [17]  commented  on  the  TE  formulation  of  Richmond  [2],  and  suggested 
that  pulse  basis  functions  should  not  be  used  to  discretize  the  EFIE  because  they  are  not  in 
the  domain  of  the  operator.  In  actuality,  the  true  equivalent  current  may  exhibit  jump 
discontinuities  at  boundaries  between  different  media,  and  thus  a  pulse  type  of 
discontinuity  seems  acceptable.  However,  jump  discontinuities  in  current  indicate  the 
presence  of  surface  charge  layers,  and  a  pulse  expansion  will  by  necessity  introduce 
fictitious  charge  layers  throughout  a  homogeneous  medium.  These  fictitious  charge  layers 
introduce  additional  error  in  the  fields.  For  example,  Figure  2  illustrates  the  degree  to 
which  the  boundary  condition 
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Etot  =  £inc  +  Es 


(20) 


is  satisfied  throughout  the  interior  of  a  dielectric  cylinder  for  the  TM  polarization  (using  the 
Richmond  formulation  [1]).  There  is  no  surface  charge  present  in  the  TM  case,  and  the 
error  in  the  fields  seems  reasonable.  Figure  3  shows  the  identical  case  for  the  TE 
polarization.  Note  the  additional  error  in  Equation  (20),  concentrated  at  locations  of 
fictitious  charge  layers. 

Altho  gh  the  presence  of  fictitious  charge  suggests  a  problem,  it  is  not  always 
apparent  from  the  numerical  solutions.  For  example.  Figure  4  shows  the  internal  E-field  in 
a  circular  dielectric  cylinder  for  the  TE  polarization.  Good  agreement  is  seen  between  the 
numerical  solution  and  the  exact  analytical  result.  However,  difficulties  due  to  the  charge 
appear  to  get  worse  as  the  relative  permittivity  becomes  greater.  Figures  5  and  6  show  the 
E-neid  magnitude  and  pliase  wiiluii  a  ciiculai  dielectric  cylinder  having  £r— 2-J50.  Figure  7 


shows  a  similar  graph  for  the  case  ^-=75 -j 300.  One  explanation  for  the  degrading  accuracy 
is  that  it  is  necessary  to  make  the  cells  smaller  to  treat  media  wbh  greater  relative 
permittivity.  As  the  cell  size  is  reduced,  fictitious  charges  seem  to  play  a  more  dominant 
role. 


Above,  we  mentioned  that  the  original  formulations  of  Richmond  [2]  and  Livesay 
and  Chen  [3]  involved  replacing  the  square  or  cubical  cells  by  circular  or  spherical  cells  in 
order  to  evaluate  the  integrals.  Hagmann  and  Levin  suggest  that  this  approximation  is  a 
source  of  error,  however,  and  recommend  that  the  integrals  for  the  off-diagonal  matrix 
terms  do  not  employ  the  replacement  of  square  or  cubical  cell  shapes  by  circles  or  spheres 
[20].  They  suggest  that  the  form  of  the  EFIE  from  Equation  (2)  be  used  as  an  alternative, 
and  tnat  the  surface  integrations  of  Equation  (4)  be  carried  out  over  the  proper  cell 
boundaries. 


For  reasons  of  simplicity,  results  are  often  based  on  models  that  employ  uniform 
cell  sizes  throughout  the  dielectric  region.  An  additional  motivation  for  the  use  of  equal- 


size  cells  arranged  along  a  lattice  is  the  discrete-convolutional  nature  of  the  matrix  operator, 
ard  the  ease  with  which  iterative  solution  algorithms  may  be  employed  to  significantly 
reduce  the  storage  requirements  due  to  the  Toeplitz  symmetries  [21-22].  A  typical  equal- 
size  model  of  a  circular  cylinder  is  shown  in  Figure  S 

In  addition  to  recommending  against  the  replacement  of  square  cells  by  circular  cells 
when  integrating  over  the  surface  charge  density,  Hagmann  and  Levin  recommend  against 
employing  equal-size  cells  throughout  the  scattered  They  suggest  that  significantly  better 
results  can  be  obtained  by  employing  small  cells  in  the  region  of  the  boundary  or  any 
interfaces  [20]. 

Borup,  Sullivan  and  Gandhi  have  recency  investigated  these  issues  in  detail  [21]. 
First,  they  studied  the  effect  of  fictitious  charer  ti  xoughout  the  interior  of  a  homogeneous 
TE  cylinder  modeled  with  equal-size  cells.  Trey  reported  that  eliminating  the  fictitious 
charge  did  not  significantly  improve  the  result*.  In  addition,  they  studied  the  effect  of  the 
boundary  model  on  the  accuracy,  by  ref  laci.ig  square  cells  along  the  outer  edge  with 
polygonal  cells.  They  reported  a  significant  i  mprovement  in  accuracy  when  the  boundary 
shapes  were  made  to  conform  to  the  desired  scatterer  shape,  as  opposed  to  the  "staircase" 
approximation  required  by  the  equal- si  ce  square  cell  model. 

SUMMARY 

Volume  discretizations  of  the  EFIE  employing  pulse  basis  functions  and  point¬ 
matching  over  square  oi  cubical  cells  are  popular  because  of  their  simplicity.  However, 
recent  research  suggests  that  these  formulations  are  inadequate  unless  modified  in  two 
ways.  First,  fictitious  charge  layers  throughout  the  cylinder  should  be  eliminated.  Second, 
boundaries  where  charge  actually  exists  must  be  modeled  more  accurately  than  a  "staircase" 
approximation  permits. 


The  drawback  to  the  modified  EFIE  approach  described  by  Borup  et  al.  [21]  is  the 
additional  complexity  required  to  model  the  scatterer  and  construct  the  matrix  equation. 
The  additional  complexity  appears  lO  make  alternate  formulations  for  dielectric  scatterers  [4- 
9]  competitive  with  the  pulse  basis  /  point-matching  EFIE.  Since  many  of  these  other 
approaches  employ  triangular  or  polygonal  cell  shapes,  they  should  be  free  from  the 
difficulties  associated  with  accurately  modeling  interfaces  between  dissimilar  media. 


CODE  VALIDATION  ISSUES 


From  the  above  discussion,  it  is  apparent  that  difficulties  with  specific  formulations 
and  computer  code  implementations  can  remain  undetected  or  poorly  understood  for 
decades.  In  many  cases,  "common  sense"  alone  would  suggest  better  ways  to  validate 
computer  codes  from  the  time  of  their  origination.  Unfortunately,  for  a  variety  of  reasons 
these  ideas  have  not  become  routine  as  of  yet. 

The  first  general  principle  we  can  conclude  from  the  above  is  that  validation 
procedures  should  employ  a  wide  range  of  parameters.  The  difficulties  with  the  EFIE 
formulations  discussed  above  are  not  apparent  unless  the  complex  relative  permittivity  has  a 
large  magnitude.  The  fact  that  the  accuracy  of  the  pulse  basis  /  point-matching  EFIE 
formulations  is  dependent  on  the  permittivity  is  not  well-understood  suggests  that  this 
dependence  was  never  investigated. 

A  second  principle  not  discussed  above  but  relevant  is  the  idea  that  it  might  be  very 
misleading  to  base  validation  procedures  on  volume-averaged  parameters.  Specifically, 
quantities  such  as  the  Specific  absorption  rate  (SAR)  discussed  in  connection  with 
biological  media  or  the  Radar  cross  section  (RCS)  are  often  the  desired  results  of  interest, 
and  may  be  the  only  results  actually  studied  to  any  great  length  during  the  typical  validation 
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process.  However,  these  parameters  often  conceal  large  errors  in  the  primary  unknown, 
i.e.,  the  interior  fields  or  equivalent  current  density. 
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Results  suggest  that  the  pulse  basis  /  point-matching  EFIE  formulations  are  very 
sensitive  to  changes  in  the  shape  of  the  scatterer  model.  This  fact  does  not  seem  to  have 
been  identified  until  recently,  and  suggests  the  following:  Validation  procedures  should 
seek  to  identify  the  sensitivity  of  an  approach  to  slight  changes  in  modeling  parameters. 

The  discussion  concerning  the  cell  densities  in  use  raises  some  additional  points. 
First,  we  lack  a  uniform  measure  of  "accuracy."  As  a  case  in  point,  Richmond  described 
his  results  as  being  in  "excellent  agreement"  with  exact  solutions  [2].  Harrington  later 
described  the  same  data  as  being  in  "appreciable"  error  [17].  In  addition,  it  would  appear 
almost  essential  to  report  the  range  of  cell  densities  employed  in  connection  with  any 
numerical  result,  regardless  of  the  type  of  problem  under  consideration.  There  is  also  a 
need  for  more  universal  agreement  on  minimum  required  cell  densities. 
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Geometry  of  the  scattering  problem. 


Satisfaction  of  the  boundary  condition  Etot  =  Einc  +  Es  throughout  the 
interior  of  a  dielectric  cylinder  (TM  polarization). 
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Figure  4.  Magnitude  of  the  electric  field  within  a  circular  cylinder  (TE 
polarization)  compared  to  exact  eigenfunction  solution,  for  er=2,56- 
J2.56. 


polarization)  compared  to  exact  eigenfunction  solution,  for  £r=2-j50. 
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COMPUTATION  OF  FREQUENCY-DOMAIN  AND 
TIME-DOMAIN  SCATTERING  FROM  A  CROSS  WITH  THE 
GEMACS  AND  CASSANDRA  CODES 


David  E.  Thomas  and  Glen  R.  Salo 
The  BDM  Corporation 
1801  Randolph  Road  S.E. 
Albuquerque,  New  Mexico  87106 


ABSTRACT 


Scattering  from  a  crossed-dipole  antenna  by  a 
vertically-polarized  plane  wave  is  analyzed  with  the  GEMACS  ana 
CASSANDRA  modeling  codes.  The  crossed  dipole  consists  of  a 
three-quarter  wavelength  vertical  cylinder  and  a  half- wavelength 
horizontal  cross-arm;  the  horizontal  arm  is  located  at  the 
half-wave  high  point,  i.e.  two-thirds  of  the  way  up  along  the 
vertical  cylinder.  The  frequency-domain  response  is  modeled 
with  the  GEMACS  code;  the  GEMACS  Method-Of-Moments 
solution  is  obtained  with  piecewise  sine  +  cosine  4-  constant  basis 
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compared  to  those  of  other  Method-Of-Moments  codes  and  to 
measured  data,  as  described  in  the  Second  Annual  Review  of 

Progress- in  Applied  .Computational.  Electromagnetics  (R.  V/. 
Adler,  "A  Comparison  of  Thin- Wire  EM  Modeling  Codes  for  the 
Case  of  Scattering  From  a  Cross”,  March  1986). 


In  addition,  calculations  for  the  time-domain  problem  are 
presented;  here,  the  incident  field  is  modeled  as  a  double 
exponential  waveform.  The  time-domain  results  are  obtained  with 
CASSANDRA,  an  admittance-based  transmission  line  code 
which  permits  modeling  of  arbitrary  external  field  drives. 


INTRODUCTION 


This  paper  addresses  the  problem  of  scattering  from  a  crossed 
dipole  antenna;  the  antenna  and  the  incident  field  are  pictured  in 
Figure  1.  The  crossed  dipole  consists  of  a  three-quarter 
wavelength  vertical  cylinder  and  a  half-wavelength  horizontal 
cross-arm,  located  two-thirds  of  the  way  up  along  the  vertical 
cylinder;  the  radius  of  each  of  the  dipole  arms  is  0.0185185 
wavelengths,  and  the  dipole  is  connected  at  the  bottom  to  an 
infinite  and  perfectly-conducting  ground  plane.  The  incident 
electric  field  vector  is  parallel  to  the  vertical  arm,  and  the 
propagation  direction  is  perpendicular  to  the  plane  of  the  cross. 
In  Reference  1,  R.  W.  Adler  has  compared  the  results  of  6 
thin-wire  moment  method  codes  to  measured  data  for  this 


problem;  the  measurements,  obtained  by  R.  W.  Burton,  are 
described  in  Reference  2.  In  this  paper,  results  for  this  problem 
produced  by  the  GEMAC3  code  (General  Electromagnetic  Model 
for  the  Analysis  of  Complex  Systems)  are  compared  to  those  of 
References  1  and  2.  The  crossed  dipole  problem  presents  a 
stringent  test  of  thin-wire  codes,  especially  as  regards  their 
treatment  of  continuity  of  current  and  equal  charge  per  unit 
length  at  the  junction.  In  addition,  a  description  of  the 
CASSANDRA  code  solution  of  the  frequency-domain  and 
time-domain  problems  for  the  crossed  dipole  will  be  discussed. 


transmission-line  network  is  excited  by  an  arbitrary  external  field 


drive. 


GEMACS  SOLUTION 


The  GEMACS  Method -Of-Moments  (MOM)  solution  is  obtaL.^d 
with  piecewise  sine  +  cosine  +  constant  basis  functions,  and  a 
collocation  testing  method.  The  MOM  routines  in  GEMACS  were 


u'gjiivuu  Jitiiu 


4-U*  A 

I/AIC 


omrfival  uoavo  arrn  nnn  a  \>a 


described  in  Reference  3.  For  this  problem,  the  frequency  of  301 
MHz  was  used,  so  that  distances  in  meters  correspond  to  fractions 
of  a  wavelength.  Roughly  32  segments  per  wavelength  were  used 
(24  on  the  vertical  arms,  and  16  on  the  horizontal  arms). 


The  GEMACS  results  for  the  crossed  dipole  scatterer  are 
shown  in  Figures  2,3,4,  and  5.  For  ease  of  comparison,  the  plots 
have  been  set  up  to  have  the  same  scales  which  appeared  in 
Reference  1 ;  as  in  this  reference,  the  plots  were  adjusted  vertically 
to  obtain  the  best  fit  with  the  measurements.  The  bottom, 
junction,  top,  and  end  of  the  crossed  dipole  are  labeled  B,J,T,  and 
E  as  shown  in  the  figure.  Figure  2  shows  the  relative  current 
amplitude  for  the  horizontal  arm  in  dB;  Figure  3  shows  the 
relative  phase  in  degrees  for  the  horizontal  arm.  Figure  4  shows 
the  relative  current  amplitude  for  the  vertical  arm,  and  Figure  5 
shows  the  relative  phase  for  the  vertical  arm. 
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Figure  2.  Relative  Current  Magnitude  in  dB  For  the  Horizontal 
Arm  of  the  Crossed  Dipole  :  GEMACS  vs.  Measured  Data 


tu 


£ 

< 


CO 

LLI 

UJ 

CE 

O 


Ul 

o 

2 


UJ 

CO 

< 

JT 

a 

£ 

UJ 

a 

a 

3 

O 


DISTANCE  IN  WAVELENGTHS 
HORIZONTAL  ELEMENT 


MEASURED 

GEMACS 


Figure  3.  Relative  Current  Phase  in  Degrees  For  the  Horizontal 
Arm  of  the  Crossed  Dipole  :  GEMACS  vs.  Measured  Data 
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Figure  4.  Relative  Current  Magnitude  in  dB  For  the  Vertical 

Arm  of  the  Crossed  Dipole  :  GEMACS  vs.  Measured  Data 
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Figure  5. 


Relative  Current  Phase  in  Degrees  For  the  Vertical 
Arm  of  the  Crossed  Dipoie  :  GEMACS  vs.  Measured  Data 
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Of  ths  6  moment  codes  examined  in  Reference  1  (  OSU, 
Syracuse,  MININEC3,  TGI,  BIGANT,  and  NEC3  )  ,  GEMACS 
results  overall  compare  most  closely  to  those  of  the  NEC3  and  OSU 
codes.  Like  NEC3,  GEMACS  uses  a  three-term  basis  function 
with  a  collocation  testing  method.  GEMACS  did  not  predict  the 
horizontal  arm  current  magnitude  as  well  as  BIGANT,  but 
predicted  the  horizontal  arm  phase  quite  well.  The  vertical  arm 
current  magnitude  prediction  compared  well  to  those  of  OSU, 
NEC3,  and  MENINEC3;  none  of  the  seven  moment  codes  predicted 
the  drop  in  vertical  arm  current  magnitude  at  the  junction.  The 
vertical  arm  phase  prediction  was  closest  to  those  of  OSU, 
Syracuse,  and  NEC3,  all  of  which  predicted  phase  ramps  at  the 
quarter-wave  point  and  at  the  junction.  The  disagreement  of  the 
moment  code  predictions  with  the  measurements  are  due  to  the 
thin-wire  approximations  of  negligible  circumferential  currents 
and  invariant' axial  current  density  along  the  circumference;  for  a 
real  junction,  rotational  symmetry  assumptions  collapse. 

CASSANDRA  SOLUTION 

CASSANDRA  is  an  admittance-based  transmission-line 
code.  It  is  written  in  FORTRAN  for  8086-based  personal 
computers.  The  Rrst  step  in  using  CASSANDRA  to  predict 
scattering  from  a  structure  is  the  development  of  a 
transmission-line,  or  "branch"  model,  of  the  structure.  An 
example  of  a  branch  model  of  a  747  airframe  is  provided  in  Figure 
6(a);  the  747  itself  appears  in  Figure  6(b).  Each  branch  is 
characterized  by  its  length,  radius,  and  its  average  height  above 
ground  (if  the  ground  is  present);  branches  are  connected  at  nodes 
to  form  a  three-dimensional  model  of  the  structure.  The  user 
specifies  several  problem  parameters,  including  the  ground 
conductivity  and  permittivity;  the  waveform  parameters, 
elevation,  azimuth,  and  polarization  of  the  incident 
electromagnetic  field;  the  desired  solution  points;  the  frequency 
range  for  the  solution  process;  and  the  desired  time  range  for 
time-domain  outputs.  Once  the  CASSANDRA  run  starts,  the 
code  computes  the  characteristic  impedance  and  propagation 
constant  for  each  branch,  at  all  frequencies  of  interest.  In 
addition,  the  component  of  incident  electric  field  parallel  to  a 
given  branch  is  integrated  over  part  or  all  of  that  branch  to 
develop  a  source  current  term,  I,.  At  each  frequency,  the  matrix 
equation 

I.  =  IVn 

is  solved  for  the  unknown  node  voltages  Vn,  in  terms  of  the 
computed  source  currents  Is  and  the  known  admittance  X,  Once 
the  node  voltages  have  been  determined  over  all  frequencies,  the 
current  and  voltage  at  any  position  along  any  branch  can  be 
found. 
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Figure  6.  Comparison  of  CASSANDRA  Prediction  to 

Measurement  for  EMP  Scattering  from  a  747  Airframe  : 
(a)  CASSANDRA  10-Branch  Model  of  the  747;  (b)  747  / 
Field  Geometry  for  both  the  Prediction  and  a  Full  Scale 
Measurement  on  an  E4-B;  (c)  CASSANDRA  Prediction 
for  Axial  Surface  Curr  ;nt  Density  on  the  Fuselage 
Behind  the  Wing  Root;  (d)  E4-B  Measurement  of  Axial 
Surface  Current  Density  on  the  Fuselage  Behind  the 
Wing  Root. 


The  frequency-domain  solutions  are  transformed  to  the  time 
domain  numerically,  with  a  slope-difference  Fourier  integral 
transform.  Quantities  such  as  axial  surface  current  density, 
charge  density,  and  normal  electric  field  strength  can  be 
determined  from  the  appropriate  branch  currents  and  voltages,  if 
desired.  A  representative  CASSANDRA  calculation  for  the  axial 
surface  current  density  at  a  point  on  top  of  the  747  fuselage,  just 
behind  the  wing  root,  is  shown  in  Figure  6(c).  The  incident  field  is 
horizontally  polarized,  and  is  coming  in  parallel  to  the  fuselage  at 
an  elevation  of  35  degrees;  the  waveform  parameters  used  were 
obtained  from  the  Bell  laboratory  characterization  of  an 
electromagnetic  pulse  (EMP)  as  a  double  exponential.  Figure  6(d) 
shows  a  full-scale  measurement  of  the  axial  surface  current 
density,  for  the  same  incident  wave/  test  point  geometrical 
configuration;  this  measurement  was  made  on  an  E4-B  aircraft  at 
the  Horizontally  Polarized  Dipole  (HPD)  facility  at  Kirtland  Air 
Force  Base  in  Albuquerque,  New  Mexico.  The  computed  axial 
surface  current  density  is  found  by  dividing  the  CASSANDRA  net 
branch  current  by  the  given  branch's  circumference.  Although 
the  measured  current  density  decays  faster  than  the 
CASSANDRA  prediction,  the  amplitude  and  wave  shape  for 
measured  and  the  predicted  waveforms  are  in  generally  good 
agreement. 

CASSANDRA  was  used  to  examine  the  original  crossed  dipole 
problem  of  Figure  1.  A  4-branch  model  was  used;  the  combined 

length  of  the  2  vertical  arms  was  0.75  meter  (3/4  X  at  300  MHz), 

and  each  horizontal  arm  was  0.25  m  (  X/4  at  300  MHz). 
CASSANDRA  was  run  in  "continuous-wave"  mode  (excitation 
independent  of  frequency)  for  several  points  along  the  horizontal 
arm,  and  the  results  for  each  point  at  300  MHz  were  tabulated  and 
plotted;  the  result  appears  in  Figure  7,  along  with  Burton’s 
measurements.  CASSANDRA  predicts  the  horizontal  arm 
current  magnitude  fairly  well,  except  at  the  end  (E),  where  the 
prediction  falls  short  by  about  12  dB.  As  with  the  moment  codes, 
CASSANDRA  uses  the  assumptions  of  nonexistent 
circumferential  currents  and  constant  axial  currents  along  the 
circumference.  The  relative  current  magnitude  along  the 
vertical  arms  was  also  examined  :  the  result  appears  in  Figure  8. 
The  CASSANDRA  predictions  compare  reasonably  well  to  the 
measurements  between  the  bottom  of  the  dipole  and  the 
quarter-wave  point,  fall  about  9  dB  too  low  between  the 
quarter- wave  point  and  the  junction,  and  are  about  6  dB  too  high 
between  the  junction  and  the  top  of  the  dipole.  The  discrepancies 
between  CASSANDRA  and  measurement  for  vertical  arm 
currents  are  most  likely  due  to  the  difficulty  of  defining  a 
characteristic  impedance  for  transmission  lines  which  are 
perpendicular  (rather  than  parallel)  to  the  ground  plane. 
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Figure  7.  Relative  Current  Magnitude  in  dB  For  the  Horizontal 
Arm  of  the  Crossed  Dipole  :  CASSANDRA  vs.  Measured  Data 
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Figure  8.  Relative  Current  Magnitude  in  dB  For  the  Vertical 
Arm  of  the  Crossed  Dipole  :  CASSANDRA  vs.  Measured  Data 
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Normally,  CASSANDRA  produces  the  current  magnitude  at  a 
single  point  on  a  branch,  over  a  wide  range  of  frequencies.  One 
such  calculation  is  presented  in  Figure  9;  the  point  in  question  is 
located  just  0.01  meter  above  the  crossed  dipole's  junction,  on  the 
vertical  arm.  For  this  figure,  unit  excitation  was  used  at  each 
frequency  (continuous- wave  mode).  The  resonance  at  300  MHz  is 
obvious;  however,  a  significant  resonance  can  be  observed  at  75 
MHz  as  well.  The  75  MHz  resonance  occurs  because  the 
horizontal  arms  effectively  add  to  the  antenna’s  length,  making  it 
look  like  a  quarter-wave  monopole  over  ground  at  this  frequency  (a 

X/4  monopole  at  75  MHz  is  about  1.0  meters  long,  while  the  vertical 
length  of  the  crossed  dipole  is  0.75  meters). 

The  crossed  dipole  problem  was  run  again,  this  time  using  the 
double-exponential  Bell  laboratory  EMP  waveform,  given  in  the 
time  domain  as  E(t)  =;  52.5e3  [  (exp(-4.0e6*t)  -  exp(-4.76e8>»t)  ]  . 
Frequency-domain  results  for  the  point  0.01  meter  above  the 
junction,  on  the  vertical  arm,  are  shown  in  Figure  10;  here,  the 
high-frequency  roll-off  of  the  EMP  waveform  serves  to  emphasize 
the  effect  of  the  75  MHz  resonance  over  the  300  MHz  resonance. 
The  time-domain  solution  for  the  same  point  was  obtained  with  a 
numerical  Fourier  integral  transform,  and  is  displayed  in  Figure 
11;  the  response  is  do  ninated  almost  entirely  by  the  75-Mhz  ring. 

CONCLUSION 

Solutions  of  problems  concerning  scattering  from  crossed 
dipole  antennas  with  the  GEMACS  and  CASSANDRA  codes  have 
been  discussed.  Like  the  other  moment-method  codes  examined 
in  Reference  1,  GEMACS  predictions  have  difficulty  with  currerd 
and  charge  at  the  junction  of  the  crossed  dipole.  Results  from  the 
CASSANDRA  admittance-based  transmission-line  code  were 
compared  to  measured  data  for  problems  involving  both  the 
crossed  dipole  and  a  747  aircraft. 
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Figure  9.  CASSANDRA  Frequency-Domain  Solution  for  Net 
Axial  Current  at  a  Point  O.Oi  Meters  Above  the  Junction  of  the 
Crossed  Dipole,  On  the  Vertical  Arm:  Continuous- Wave  Mode 
Excitation  (Independent  of  Frequency). 


CURRENT  ON  2  AT  X  =  .018  ,IHETA=  30.PSU  1,PHI=  90 


Figure  10.  CASSANDRA  Frequency-Domain  Solution  for  Net 
Axial  Current  at  a  Point  0.01  Meters  Above  the  Junction  of  the 
Crossed  Dipole,  On  the  Vertical  Arm:  Bell  Lab  EMP  Waveform 
Excitation. 


CURRENT  ON  2  AT  X  =  .010  , THETA-  98,PSI=  1,PHI=  90 

Shift  =  2.96690700E-02  ns 


Figure  11.  CASSANDRA  Time-Domain  Solution  for  Net  Axial 
Current  at  a  Point  0.01  Meters  Above  the  Junction  o'  the  Crossed 
Dipole,  On  the  Vertical  Arm:  Bell  Lab  EMP  Waveform  Excitation. 
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Introduction 
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Hawthorne,  California  90250 


Much  of  the  effort  in  making  electromagnetic  models  of  physical  structures  is  spent  in 
the  mechanics  of  describing  the  geometry  to  the  EM  computer  program.  In  addition, 
many  times  it  is  desirable  to  use  more  than  one  program  in  analyzing  the  problem 
electromagnetically.  Yet,  the  popular  EM  computer  programs  (BSC,  GEMACS,  NEC) 
have  similar  though  distinctly  different  geometry  languages  and  capabilities.  To  use  all 
three  codes  to  model  the  same  structure  many  times  would  require  that  three  different 
geome'.ry  descriptions  be  developed. 

The  purpose  of  this  paper  is  to  describe  a  language  translator  program  which  will 
automatically  re-write  a  user’s  input  geometry  language  (be  it  in  BSC,  GEMACS,  or 
NEC)  into  one  of  the  other  languages.  For  example,  a  set  of  “GW”  NEC  wire 
commands  can  be  converted  into  equivalent  GEMACS  “RA”  and  “WR”  commands. 
Likewise,  the  BSC  GTD  geometry  elements  (plates,  cylinders,  end  caps)  can  be  converted 
into  GEMACS  “PL”,  “CY",  and  “EC”  elements.  A  side  benefit  of  using  the  translator 
is  that  other  EM  languages  can  take  advantage  of  the  PC-based  GEMACS  Graphics 
package  (GAUGE)  [1],  described  elsewhere  in  this  volume. 

A  second  capability  of  this  program  is  an  embedded  macro  language  command  sel. 
Geometry  elements  or  operations  which  are  too  complex  for  most  computer  programs 
(e.g.,  generating  a  spiral  geometry)  can  be  performed  by  using  a  set  of  macro  language 
commands  for  loops,  branching,  calls  to  subordinate  routines,  and  arithmetic  operations. 

Description  of  the  Translator  Package 

The  EM  Language  Translator  (ELI)  is  a  single  FORTRAN  program  composed  of  59 
FORTRAN  and  one  assembly  language  subroutines.  It  is  hosted  on  an  IBM  Personal 
Computer  (or  compatible)  with  at  least  512K,  and  DOS  2.1  or  greater.  A  color  monitor 
enhances  the  program  but  is  not  necessary. 

The  user  interface  to  the  ELT  is  a  single  split  screen,  which  is  displayed  when  the 
translator  is  run.  The  top  two  thirds  of  the  screen  (blue  on  color  monitors)  is  the  user 
input  area  (or  “panel”).  In  this  window  the  user  enters  r.^ut  and  output  files,  input  and 
output  languages,  and  several  optional  processing  directives.  The  lower  third  of  the 
screen  (black  on  color  monitors)  is  a  window  which  displays  the  Input  statements  as  they 
are  processed  and  the  output  statements  as  they  arc  generated.  Figure  1  shows  how  the 
translator  screen  might  appear  when  the  ELT  is  executed.  The  responses  are  in  upper 
case  in  the  figure,  though  on  the  screen  they  are  highlighted  in  a  distinct  color. 


This  work  was  sponsored  by  Rome  Air  Development  Center,  RADC/RBCT,  Griffiss  Air 
Force  Base,  NY  under  contract  F30602 -87-C-03 10  to  Northrop  Corporation,  Aircraft 
Division,  Hawthorne,  California.  The  software  described  in  this  paper  is  available 
through  RADC/RBCT  (Kenneth  R.  Siarkiewjcz),  Griffiss  AFB,  NY  13441-5700. 


\  GEMACS/GAUGE  TRANSLATOR  AMO  MACRO  PROCESSOR  ! 

Primary  Path  ■*>  C:\EM\EXAMPLES\ 

Execute  macro:  NO 

MACLIB  Path  C:\GEMACS\NACROS\ 

Check  for  macros:  NO 

input  ft  la  mk*>  SHIP.NEC 

Input  Language:  NEC 

Output  ft  la  «*>  SHIP.  GEM 

Output  Language:  GEMACS 

Debug  file  «*■>  DEBUG. OUT 

Debug  On/Off:  OFF 

Model  file  *«>  MODEL. GEO 

Build  Graphics  Models  NO 

Command  file  *»>  FXEC.CMO 

Save  Exec.  Commands:  YES 

ADVANCED  ELE 

5617  Palomino  Dr.  NU 

CTROMAGNETICS 

Albuquerque,  NM  87120 

Use  curaor  key*  to  move  bor  to  select  item  to  chenge 

Press  <F9>  to  begin  execution 

Press  <Esc>  to  leave  program  without  executing  it 

Figure  1.  Initial  Translator  Input  Screen. 

Th*}  screen  in  figure  1  shows  that  the  input  file  is  C:\EM\EXAMPLES\SHIP.NEC,  and 
the  input  language  is  NEC.  The  output  file  is  C:\EM\EXAMPLES\SHIP.GEM,  and  the 
output  language  k  GEMACS,  The  translation  process  is  started  by  pressing  the  <F9> 
key.  The  NEC  geometry  commands  in  SHIP.NEC  are  read  by  the  ELT,  processed  by  the 
program,  and  output  into  SHIP.GEM  in  GEMACS  format. 

For  now  we  will  ignore  the  “Execute  macro”  and  “Check  for  macros”  fields  as  they  will 
be  discussed  below.  The  “Debug  file”  and  “Debug  On/OfF’  fields  enable  debug 
printouts  onto  a  peripheral  file.  These  are  useful  in  finding  problems  when  a 
particularly  complex  structure  does  not  translate  correctly.  The  “Model  file”  and  “Build 
Graphics  Model”  fields  generate  a  point  and  polygon  based  database  which  can  be  read 
by  graphics  programs  other  than  GAUGE,  The  “Command  file”  and  “Save  Exec. 
Commands  ’  fir, Ids  permit  comments  and  other  non-geometry  commands  to  be  tempo¬ 
rarily  saved  dyi'in?  language  translation,  then  placed  back  into  the  output  file  in  the 
same  placet  from  which  they  were  extracted. 

A  NEC  to  CEMACS  Example 

One  of  the  inhibiting  factors  in  upgrading  computer  programs  is  the  regeneration  of 
input  daU  it*  tbs  new  program’s  format  With  the  ELT,  this  task  is  made  trivial. 
Consider  the  simp  a  NEC  geometry  mode!  of  a  square  shown  below.  There  is  one  wire 
composed  of  one  segment  for  each  leg  of  the  loop. 

CM  NEC  GsWTOY  vvOEL  OF  A  SQUARE  LOOP 
C5  DEMO*/.  .JAY  ION  WILY  (DO  MOT  EXECUTE) 


«'  1 

1 

0 

e. 

0. 

1. 

0. 

0. 

0.01 

GV  2 

1 

1. 

0. 

0. 

1, 

1. 

0. 

0.01 

tiU  5 

1 

1. 

i. 

0. 

1. 

0. 

0.01 

GU  4 

1 

0. 

i. 

o' 

0. 

0. 

0. 

0.01 

a 

Notice  that  the  NFC  deck  has  a  true  free  -field  input  format,  Such  an  input  cannot  be 
read  by  NEC  (so  don’t  try  to  execute  it  “as  is”),  but  the  ELI  doesn't  care  about  the 
format  of  the  input.  Fields  can  be  separated  by  blanks,  commas,  or  both.  When  the 


NEC  deck  shown  above  is  run  through  the  ELT,  the  following  GEM  ACS  deck  is 
generated. 

*  NEC  GEOMETRY  MODEL  OF  A  SQUARE  LOOP 
%  DEMONSTRATION  ONLY  (DO  NOT  EXECUTE) 


KA 

.Civ 

.a 

PT 

19001 

I.MOOOOCE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

0 

PT 

1009? 

1.0000000E+00 

0.0000000£+00 

O.OOOOOOOE+OO 

0 

C? 

10001 

10002  1  1 

1 

PT 

10003 

1.0006000E+00 

1.0000000E+00 

O.OOOOOOOE+OO 

0 

CP 

10002 

10003  1  2 

1 

PT 

10004 

O.OOOOOOOE+OO 

1 .OOOOOOOE+OO 

O.OOOOOOOE+OO 

0 

CP 

10003 

10004  1  3 

1 

CP 

10004 

10001  1  4 

1 

END 

The  NEC  comments  (CM,  CE)  have  been  turned  into  GEMAC'S  comments  ($).  While 
GEMACS  has  a  “WR”  command  syntactically  equivalent  to  the  NEC  “GW”  command, 
the  translator  chose  another  wire  generation  format.  Points  are  defined  by  the  “PT” 
commands,  then  segments  are  generated  between  two  points  by  the  connect  point  (CP) 
commands  [2].  Point  numbers  are  automatically  generated  in  this  example,  beginning 
with  point  10001. 


A  BSC  to  GEMACS  Example 

The  geometry  description  for  a  simple  aircraft  (example  20  of  [3])  has  been  extracted 
from  a  BSC  input  deck  a«d  is  shown  below. 

CM:  BSC  EXAMPLE  20,  PAGE  7-112. 

CM:  POLARIZATION  HH.ROLL  ANGLE  0. 

CE:  THIS  IS  THE  GEOMETRY  PORTION  OF  THE  DECK  ONLY  ONLY  I 

UN: 

3 

CG:  THE  BODY  OF  THE  PLANE 

0.,0.,Q. 

90. . 0..0. .0. 

6. . 6. 

*42„,9U ,  ,->2.  ,90. 

PS;  RIGHT  REAR  STABILIZER 

4,0 

-4fi.,-?Q.5,u. 

-44. ,-20.5,3 
-24..-6..0. 

PG:  LEFT  LEAH  STABILIZER 

4,0 

*42. ,6. ,0, 

-24. ,6. ,0. 

-44. ,20.5,0. 

-48. ,20,5,0. 

PG:  VERTICAL  STABILIZER 

4.0 

-42.0,0. ,6. 

-48.0,0. ,20.5 
-44.0,0. ,20.5 
-24.0,0. ,6. 

PG:  LEFT  UIHG 

4,0 

3. . 6. .0, 

-25.,36.,0. 

-12, ,36. ,0. 

40. . 6. .0, 

PG:  RIGHT  WING 

4,0 

3., -4.,0. 

-25.,-36.,0. 

-12.,-36.,0. 

40.,  -6. ,0. 


The  aircraft  itself  is  shown  in  figure  2.  The  GEMACS  output  of  the  ELT  follows  the 
BSC  input  deck  quite  closely.  The  BSC  UN:  (units)  command  corresponds  to  GEMACS’ 
SC  command.  The  BSC  CG:  (cylinder  geometry)  generates  a  GEMACS  coordinate 
system  (CS)  in  which  arc  located  a  GEMACS  cylinder  (CY)  and  two  end  caps  (EC). 
Each  BSC  PG:  (plate  geometry)  command  generates  GEMACS  points  (PT)  for  the  plate 
corners  and  plate  (PL)  for  the  surface  itself.  The  ELT  output  is  shown  below. 


$  BSC  EXAMPLE  20,  PAGE  7-112. 

S  POLARIZATION  HH.ROLL  ANGLE  0. 

t  THIS  1$  THE  GEOMETRY  PORTION  OF  THE  DECK  ONLY  ONLY) 

t 

%  THE  BODY  OF  THE  PLANE 

CS  10001  .0000  .0000  .0000  .0000 

CY  1  1.5240000E-01  1.5240000E-01  2.1336000E+00 

EC  1  1  0.00000006+00  O.OQOQOOCE+OO 

EC  2  -1  1 .8000000E+02  O.OOOOOOOE+OO 

$  RIGHT  REAR  STABILIZER 
PT  10001  -1.0668000E+00  -1.5240000E-01 
PT  10002  -1.2192000E+00  -5.2070000E-01 
PT  10003  -1.1176000E+00  -5.2070000E-01 
PT  10004  -6.0960000E-01  -1 .5240000E-01 


1 


PL 

*  LEFT  REAR  STABILIZER 
PT  10005  -1 .06680006+00 
-6 .09600006 -01 
-1.11760006*00 
-1.2192000E+00 


4  10001  10002  10003  10004 


0.00000006*00 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

0 


PT  10006 
PT  10007 
PT  10008 


1 .5240000E-01 
1.5240300E-01 
5.20700006-01 
5.2070000E-01 


PL  2 

*  vertical  stabilizer 

Pf  19009  -1.06680006*00 
-I  »(Annnr.An 

-U1176000E+00 
-6.0960000E-01 


4  10005  10006  10007  10008 


PT  10010 
PT  10011 
PT  10012 
PL  3 
S  LEFT  UING 
PT  10013  7. 62000006-02 

-6.3500000E-01 
-3.0480000E-01 
1 .0160000E+00 


0.00000006*00 

0.09000006*00 

6!ooooo6oe+oo 

o.oooooooe+oo 


4  10009  10010  10011  10012 


PT  10014 
PT  10015 
PT  10016 
PL 

% 


1.5240000F-01 
9. 1440000E-01 
9.1440000E-01 
1.5240000E-01 
4  10013  10014  10015  10016 


RIGHT  UIHG 


PT 

10017 

7.62000C0E-02 

-1.5240000E-01 

PT 

10018 

-6.3500000E-01 

-9. 1449000E-01 

PT 

10019 

-3.0480000E-0I 

-9.1440000E-01 

PT 

10020 

1 .0160000E+00 

-1.5240000E-01 

PL 

3 

H  lUUlf  iuciio  iuuit  i wcv 

END 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

0 

1.5240000E-01 
$.20700006-01 
5.2070000E-01 
1. 52400006-01 
0 

O.OOOOOOOE+OO 

O.OOOOOOOE+OU 

O.OOOOOOOE+OO 

O.QOOOOOOE+OO 

0 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 

O.OOOOOOOE+OO 


90.0000 

10001 
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0 

0 
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Figure  2.  Simple  Aircraft  from  BSC  Example  20. 


A  Mixed  L*  ^guage  Example 

It  is  also  possible  to  intermix  GEMACS,  BSC,  and  NEC  input  languages  to  achieve  a 
hybrid  model.  For  n-^'jnple,  there  is  no  GEMACS  equivalent  to  the  NEC  GA  (wire  arc) 
geometry  command.  So,  a  mostly  GEMACS  deck  could  be  supplemented  by  one  or  more 
GA  commands  from  NEC  'as  well  as  other  NEC  or  BSC  commands)  and  still  produce  a 
valid  GEMACS  output  deck.  The  ELT  performs  mixed  language  input  processing  when 
the  ‘'Input  Language:”  field  is  set  to  MIXED. 


In  addition,  the  BSC  and  NEC  languages  do  not  have  as  many  CAD-like  geometry 
commands  as  does  GEMACS.  Hence,  a  mostly  NEC  deck,  for  example,  can  be 
supplemented  with  GEMACS  defined  el  ?ment  (DF)  commands,  etc. 


DF  NECGEO 
GU  ... 
GW  ... 


[  (Define  NECGEO  element  with  NEC  geometry  elements) 


D£  *  J 

rf  df  necgeo  y  z  i  (Reflect  NECGEO  through  the  xz-  and  xy-  planes) 


The  Macro  Language  Processor 


The  GEMACS,  BSC,  and  NEC  codes  have  a  fixed  set  of  “hardwired”  geometry 
commands  from  which  a  user  can  select  to  describe  his  structure.  The  geometry 
command  repertoire  for  all  three  is  extensive,  and  quite  complex  structures  can  be 
described  with  a  minimal  number  of  commands.  Yet,  as  would  be  true  with  any 
command  set,  there  are  structures  which  do  not  lend  themselves  to  GEMACS,  BSC,  or 
NEC.  For  example,  the  wires  which  comprise  a  simple  spiral  antenna  must  each  be 
entered  individually  with  one  WR  (GEMACS)  or  GW  (NEC)  command  per  straight  wire 
segment.  This  not  only  yields  hundreds  of  GEMACS  commands  for  a  simple  antenna, 
but  the  coordinates  of  each  wire  must  be  calculated  by  hand  and  entered  explicitly  on 
the  commands. 


The  Macro  Language  Processor  (MLP)  can  alleviate  the  tedium  of  calculating  data  by 
hand,  entering  repetitious  blocks  of  data,  and  re-entering  frequently  used  descriptions  of 
structures  or  part?  of  structures.  The  MLP  allows  GEMACS.  BSC.  NEC.  and  many 
other  EM  codes  to  have  predefined  and  stored  parametric  geometry  models  in  plain 
English  text  without  having  to  write  new  FORTRAN  and  modify  the  host  code  for  each 
new  model  the  user  may  wish  to  conceive. 

The  MLP  is  built  upon  GEMACS  (or  any  other  language’s)  geometry  commands, 
replaceable  macro  parameters  (like  FORTRAN  variables),  a  set  of  MLP  commands  for 
conditional  execution,  looping,  and  calling  subordinate  macros  (like  FORTRAN 
subroutine  calls),  and  an  arithmetic  statement  processor  which  can  be  used  to  evaluate 
expressions  for  parameter  assignment,  loop  indices,  and  conditional  execution  switches. 

Replaceable  parameters  are  FORTRAN-like  variables  composed  of  up  to  18  characters 
(A-Z,  0-9,  and  underscore  _)  the  first  of  which  must  be  alphabetic.  They  are  used  in 
GEMACS,  BSC,  or  NEC  geometry  commands  so  that  the  parameter  itself  is  replaced  by 
its  value  (calculated  elsewhere  in  the  macro  definition).  For  example,  suppose  the 
parameter  NSEGS  had  been  set  to  10.  Then  the  statement 

WR  0.  0.  0.  0.  0.  1.0  &NSEGS  1  1 


would  be  output  as 


WR  0.  0,  0.  0.  0.  1.0  10  1  1 


The  ampersand  (&)  precedes  the  parameter  to  be  replaced  to  distinguish  it  from  a 
geometry  keyword. 

MLP  arithmetic  operations  are  used  to  manipulate  the  replaceable  parameters.  The  MLP 
has  a  FORTRAM-like  syntax  processor  that  will  interpret  valid  FORTRAN  assignment 
and  mathematical  statements,  evaluate  them,  and  assign  their  results  to  a  replaceable 
parameter.  To  distinguish  these  statements  from  the  EM  language  geometry  statements, 
each  arithmetic  statement  begins  with  an  ampersand  (&).  An  example  to  calculate  the 
hypotenuse  of  a  right  triangle  is  shown  below.  The  statements  with  (!)  are  macro 
comments  and  are  neither  printed  nor  executed. 

!  Compute  the  hypotenuse  HYPO  of  a  right  triangle  Hith  sides 
I  SIDE1  and  SIDE2 
tSIDEI  >  3.n 
ISI0E2  -  4.0 

4HYPO  *  SQST<SIDE1**2+SID£2**2)  lOr,  the  could  be  used  for  •**» 

S  RESULTS:  HYPO  *  &HYPO 

The  first  three  lines  are  MLP  comments  and  are  not  printed  to  the  output  file.  The  next 
two  lines  assign  3,0  and  4.0  to  SIDE1  and  SIDE2  respectively.  Note  that  the  replaceable 
parameters  (and  MLP  commands)  must  use  upper  case  letters,  though  MLP  and 
GEMACS  comments  may  have  lower  case  letters  as  well. 

The  hypotenuse  is  computed  in  the  next  statement.  A  number  of  FORTRAN  functions 
are  available  in  the  MLP,  as  discussed  in  a  later  section.  The  parameters  SIDE1,  SIDE2, 
and  HYPO  are  available  for  use  on  GEMACS  commands,  such  as  the  GEMACS 
comment  in  line  7. 

Neither  the  MLP  comments  nor  the  MLP  commands  (with  the  &  as  first  character)  are 
printed  to  the  output  file.  The  sole  output  from  the  seven-line  macro  model  above  is  a 
single  line. 


t  RESULTS:  HYPO  ■  5.0000000E+00 

there  are  presently  tweive  (i2)  MLP  keywords  which  may  be  used  to  define  eight 


distinct  MLP  commands. 

&DEBUG 

Turn  on/off  debug  printing 

ACAI.L 

Call  a  subordinate  macro  definition 

AMACRO 

Begin  a  macro  definition 

AMEND 

End  a  macro  definition 

ALOOP 

Begin  a  loop/label  block 

ALABEL 

End  a  loop/label  block 

AIF-ATHEN 

Begin  if/  len/else/endif  block 

&ELSE 

Optional  alternative  in  if/then/else/endif 

AENDIF 

End  an  if/then/else/endif  block 

AINPUT 

Prompt  user  for  input 

AOUTPUT 

Display  output  to  user 

AJUMP 

Jump  (relative) 

Explanation  of  each  command  is  beyond  the  scope  of  this  paper,  but  full  descriptions 
may  be  found  in  [4]. 


i 


ib-Jt . 


An  Example  Macro:  The  Spiral  Antenna 

The  spiral  antenna  can  be  modeled  well  by  GEMACS  or  NEC,  but  its  input  must  be 
generated  by  hand  if  unaided  by  the  MLP.  Below  is  a  MLP  description  of  a  spiral 
antenna,  complete  with  user-input  parameters.  Its  output  (when  processed  by  the  MLP) 
is  a  set  of  GEMACS  geometry  commands  that  will  produce  a  MOM  wire  segment  model 
of  the  antenna  described  by  the  user’s  input  parameters.  The  spiral  macro  is  invoked  by 
answering  “YES”  to  the  “Execute  macro:”  field  of  the  ELT  input  window. 

(MACRO  NTPI  NTOT  IR  NSEC  RAD  HEIGHT 
I 

l  This  macro  generates  a  two-ana  Archimedean  spiral  antenna 
I  centered  at  the  origin  and  in  the  (x,y)-ptane. 

I 

I  There  is  an  option  of  generating  a  "spiral -cone11  antenna  by 
I  entering  a  positive  entry  for  HEIGHT 
I 

I  Input  Parameters: 

I 

I  NTPI  -  Number  of  turns  per  inch 

I  NTOT  ■  Total  number  of  turns  in  the  spiral  (one  arts) 

I  IR  «  Spiral  Inner  radius  (inches) 

I  NSEG  a  Nurber  of  GEMACS  Wire  Segments  per  turn 

1  RAD  >  Radius  of  the  wires  modeling  the  spiral 

I  HEIGHT  *■  If  positive,  the  total  height  of  the  antenna 


(DATE  a  '11-13-87' 
tPI  -  3.141592 
tTOTSEG  a  NSEG-NTOT 
SDZ  *  0. 

(IF  (HEIGHT  -GT.  0.)  (THEN 

ADZ  a  HEIGHT/TOTSEG  1  Indent  for  clarity,  not  required. 
AENOIF 
DRIVE  1  a  1 
DRIVE2  *  2  »■  TOTSEG 
DIAM  *  NT0T/NTPI*2 
SRHOO  a  1/(2*PI*NTPI) 

I 

I  Limits  on  phi-angles 
I 

APHIMIW  ■  PI/2+IR/RHOO 
IP HI  MAX  a  2*PI*NrOT+PHIMIH 
DPHI  »  2API/NSEG 

I  Coordinates  for  feed  wire  segment 
I 

1RHGMIM  a  RHOO*PHIMIN 
(XHIN  -  RHQMIH*COS(PHIMlN) 

(YKIN  -  RH0HIN*SIN(PH1MIH) 

I 

I  Compute  longest  segment  to  determine  highest  operating  frequency 
I 

(RHOMAX  a  RHOC*PKIMAX 
(XMAX  a  RHOMAX  *  COS(PHIMAX) 

(YMAX  a  RHOMAX  *  SIN(PHIHAX) 

(PHINXT  ■  PHIMAX  •  DPHI 
(NHONXT  ■  RHOO*PHlh'XT 
(XNXT  «  RHONXT  *  COS(PHINXT) 

(YHXT  ■  RHONXT  *  SIM(PHINXT) 

(LENGTH  ■  SORT ( (XMAX-XHXT )**2  ♦  (YMAX-YNXT)**2  ♦  07**2) 

(LAMBDA  ■  10  *  LENGTH  /  39.37 
(FROHAX  ■  300. /LAMBDA 

I 

S . - . . 

(IF  (HEIGHT  .LE.  0.)  (THEN 

$  GEOMETRY  FOR  AH  ARCHIMEDEAN  SPIRAL  ANTENNA 

(ELSE 

S  GEOMETRY  FOR  A  SPIRAL-CONE  ANTENNA 

( Listing  Continued  on  Next  Page) 


••  c  •  •' -■*  .  -f  A-  .»  --.t.  %■  'A1--' 


IE HO  IF 

$ 

*  GENERATED  ON:  HATE 

$ 

* 

%  TURNS  PER  INCH:  AMTPI 
«  TOTAL  TURNS:  AHTOT 

$  INNER  RADIUS(ln):  AIR 
S  SEGS  PER  TURN:  &NSEG 

$  WIRE  RADIUS(ln):  ARAD 
S  TOTAL  DIAMETER:  ID  I AH 
AIF  (HEIGHT  .GT.  0.)  ATHEN 
$  ANT  HEIGHT  (In):  AHEIGHT 
AENOIF 
S 

S  MAX  SEG  LENGTH(ln):  ALENGTH 

$  FREQ.  LIMIT(KHZ):  AFRQHAX  FOR  LAM80A/10  MODELING 

S 

% 

S  THE  ANTENNA  SHOULO  BE  ORIVEN  WITH  +0.5  VOLTS  OH  SEGMENT  ADRIVE1 
t  AND  -0.5  VOLTS  ON  SEGMENT  ADRIVE2 

$ . . . . 

* 

SC  IN  SUN ITS  PRESUMED  TO  BE  INCHES  IN  INPUT  DATA 
RA  ARAD 

S  DRIVE  SEGMENT#  SDR I VII 
UR  AXMIN  AYMIN  0.  0.  0.  0.  1  1  1 

APHI  ■  PHIMJN  -  DPHI 
I 

I  Loop  over  the  total  number  of  segments  In  one  arm,  with  COUNT  as 
I  the  loop  counter. 

» 

SCOUNT  «  0 
A22  -  0. 

ALOOP  TOTSEG 
AZ1  *  Z2 
AZ2  -  Z1  +  DZ 
I 

I  Print  out  a  GEMACS  comment  every  10  wires  so  that  the  user  can  keep 
I  track  of  the  segment  numbers  easily. 

I 

AIF  (COUNT/10*10  .EQ.  COUNT)  ATKEN 
ACOUNT1  ■  COUNT  ♦  2 
ACCUNT2  ■  COUNT  ♦  11 

AIF  (COUNT2  .GT.  TOTSEG+1)  ATHEN  (The  last  block  of  wires  may  not 
ACOUNT2  *  TOTSEG  *  1  I  have  a  full  10  segments. 

tJFunir 

* 

$  BELOW  ARE  SEGMENTS  ACOUNT1  TO  AC0UNT2 

S 

AENOIF 

I 

I  Negative  end  point  quantities 
I 

APHI  «  PHI  ♦  DPHI  IThe  angle  (radians) 

ARKO  a  RH0(J*PHI  IThe  radius  (inches) 

AXN  «  RHO*COS(PHl)  !X-coordinate 
AYN  -  RHO*SIN<PHI)  IT-coordinate 
I 

i  Positive  end  point  quantities 
I 

APHIP  -  PHI  ♦  DPHI  (The  angle  (radians) 

ARKOP  -  RHOQ*PHIP  IThe  radius  (inches) 

AXP  ■  RHOP*COS(PHIP)  IX-coordinate 
ATP  *•  RH0P*SIH(PHIP)  IT-coordinate 
I 

AIF  (HEIGHT  .GT.  0.)  ATHEN 
WR  AXN  AYN  AZ1  AXP  ATP  AZ2  1  1  1 
AELSE 

WR  AXM  AYN  0.  AXP  ATP  0.  1  1  1 

( Listing  Continues  on  Next  Page) 


tttfflIF 

I 

ACOUNT  -  COUNT  •  1 
A  LA  BEL 
I 

I  End  of  looping. . .Now  mkt  the  other  arm  by  using  the  R2  command 

I 

&T0T1  >  DRIVE2 
AT0T2  ■  2*!1+TOTSEG) 

* 

$  ROTATE  ARM  ONE  TO  GENERATE  ARM  TWO 

S 

S  SEGMENTS  AT0T1  TO  4TOT2 

$ 

RZ  TG  1  1  180. 

EKO 

AMEND 

This  macro  deck  is  quite  extensive  because  it  performs  a  iot  of  error  checking  and  gives 
a  lot  of  extra  output.  The  first  part  of  the  nlacro’s  output  is  shown  below.  Notice  the 
frequency  limit  in  the  header  comments  and  the  automatic  calculation  of  drive  segments. 

s 

* . . 

$  GEOMETRY  FOR  AN  ARCHIMEDEAN  SPIRAL  ANTENNA 

S 

S  GENERATEO  ON:  11-13-87 

$ 

* 

%  TURNS  PER  INCH:  3.0000000E+00 

S  TOTAL  TURNS:  15 

S  INNER  RADIUS! In):  5.0000000E-01 

S  SEGS  PER  TURN:  10 

S  WIRE  RADIUS(in):  1 .OOOOOOOE-02 

*  TOTAL  DIAMETER:  1 .OOOOOOOE+QI 

S 

S  MAX  SEG  LENGTH! In):  3.4405370E+00 

S  FREQ.  LIMIT!MHZ):  3.4328940E+02  FOR  LAMBDA/10  MODELING 

S 

t 

$  THE  ANTENNA  SHOULD  BE  DRIVEN  WITH  *0.5  VOLTS  ON  SEGMENT  1 

*  AND  -0.5  VOLTS  ON  SEGMENT  152 

% . 

1 

SUN ITS  PRESUMED  TO  BE  INCHES  IN  INPUT  DATA 
RA  .010 
S  DRIVE  SEGMENT#  1 


PT 

10001 

-6.0818920E-08  -1 .4816670E-02 

O.OOOOOOOE+OO 

0 

PT 

10002 

O.COOOOOQE+OO  O.OOOQOOOE+OO 

O.OOOOOOOE+OO 

0 

CP 

10001 

10002  1110 

f 

S  BELOW  ARE  SEGMENTS  2  TO  1 1 


s 

PT 

10003 

9.2066410E-03 

■1.2671930E-02 

O.OOOOOOOE+OO 

0 

CP 

10001 

10003  1  1  1 

0 

PT 

10004 

1.5701930E-02 

■5.1019120E-03 

O.OOOOOOOE+OO 

0 

CP 

10003 

10004  1  1  1 

0 

PT 

10005 

1.6507190E-02 

5.3634660E-03 

O.OOOQOOOE+OO 

0 

CP 

10004 

10005  1  1  1 

0 

PT 

10006 

1.0699680E-02 

1.4726790E-02 

O.OOOOOOOE+OO 

0 

CP 

10005 

10006  1  1  1 

0 

PT 

10007 

3.5390260E-08 

1.9050000E-02 

O.OOOOOOOE+OO 

0 

CP 

10006 

10007  1  1  1 

0 

PT 

10008 

-1.1694950E-02 

1.6096770E-02 

O.OOOOOOOE+OO 

0 

CP 

10007 

10008  1  1  1 

0 

PT 

10009 

-1„9728080E-02 

6.4100720E-03 

O.OOOOOOOE+OO 

0 

CP 

10008 

10009  1  1  1 

0 

PT 

10010 

-2.0533320E-Q2 

■6.6716560E-03 

O.OOOOOOOE+OO 

0 

CP 

1000V 

10010  1  1  1 

0 

(Listing  Continues  on  Next  Page) 


PI  10011  -1.3187960E-02  -1 .8151640E-02  O.OOOOQOOE+OO  0 

CP  10010  10011  1110 

PT  10012  -1.3969840E-08  -2.3283340E-02  O.OOOOOOOE+CO  0 

CP  10011  10012  1110 

s 

*  BELOW  ARE  SEGMENTS  12  TO  21 

S 

P',  10013  1.4183260E-02  -1.9521590E-02  O.OOOOOOOE+OO  0 

CP  10012  10013  1110 

PT  10014  2.3754230E-02  -7.7182200E-03  O.OOOOOOOE+OO  0 

CP  10013  10014  1110 

(etc.) 

Summary 

The  EM  Language  Translator  and  Macro  Processor  described  in  this  paper  have  the 
potential  for  vastly  multiplying  the  effectiveness  of  the  EM  engineer  as  he  uses  several 
of  the  more  popular  EM  computer  codes.  No  more  does  he  have  to  meticulously  trans¬ 
late  by  hand  the  geometry  descriptions  from  one  language  to  another  language. 
Moreover,  he  may  mix  his  languages  in  order  to  achieve  even  more  effectiveness. 

The  Macro  Language  Processor  can  be  used  with  any  geometry  description  to  produce 
structure  data  that  would  be  unthought  of  with  just  a  computer  code’s  geometry 
processor.  In  addition,  the  MLP  can  also  be  used  with  a  code’s  execution  commands  to 
produce  an  “expert  system”  which  can  guide  the  user  into  the  correct  modeling  methods 
and  command  selections  for  a  particular  application. 
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ABSTRACT 


A  new,  user-friendly,  IBM  PC  based  graphical  interface  for  GEMACS  and  other 
electromagnetic  codes  is  described.  GAUGE  enables  users  to  perform  pre-  and  post¬ 
processing  of  electromagnetic  models  and  data.  Interactive  graphics  and  CAD  features 
are  tailored  dircectly  towards  electromagnetic  modeling. 

Features  of  the  GAUGE  graphical  processor  are  illustrated  by  discussion  of  specific- 
electromagnetic  examples  modeled  by  GEMACS  and  NEC.  The  examples  discussed  are 
bistatic  scattering  from  a  cube ,  electromagnetic  coupling  for  an  AIM-7  illuminator , 
MOM  and  GTD  hybridization  modeling  for  a  spiral  antenna,  and  the.  near  field  of  an 
antenna  located  on  a  shipboard  platform.  The  pre-processoi  graphical  features 
illustrated  include:  view  (zoom,  view  angle,  color,  etc.),  show/no  show, 

rotate/translate,  interactive  picks,  rejects,  merging  models,  and  saving  all  or  part  of  a 
model.  Post-processor  features  discussed  are:  the  display  of  computed  observables  by 
color  coding  elements,  contours  on  structure,  two  dimensional  plots,  cut  and  paste,  hard 
copy  to  dot  matrix  printer,  HP  pen  plottei  ar.d  a  HP  laserjet  printer. 


INTRODUCTION 


GEMACS  ( General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems), 
although  comprehensive  in  its  ability  to  solve  a  wide  range  of  electromagnetic  problems, 
needed  an  I/O  graphical  interface  to  support  the  current  version  (4.0)  and  for  future 
growth  (version  5.0).  Until  now,  a  user  had  to  interface  his  own  graphics  package  with 
the  GEMACS  code  for  construction  of  model  geometry  or  to  display  computed  results. 
To  avoid  this  difficulty  a  graphical  interface  entitled  "Graphical  Aids  for  Users  of 
GEMACS"  (GAUGE)'  has  been  designed  based  on  universally  available  hardware  -  the 
IBM  PC.  The  software  developed  is  user-friendly  and  should  encourage  further  use  of 
the  GEMACS  code  among  the  government,  its  contractors,  and  to  the  electromagnetic 
community  at  large. 

GAUGE  interfaces  with  GEMACS  by  external  file  manipulation  leaving  the  parent 
code  unchanged,  and  is  flexible  enough  to  interface  with  other  electromagnetic  codes 

\  This  work  was  performed  by  Northrop  Corporation  sponsored  by  RADC/RBCI' 
under  contract  F30602-87-C-01 10. 


including  NEC  ( Numerical  Electromagnetic  Code),  BSC  (Sasic  Scattering  Code). 
MISCAT  and  NASTRAN.  GAUGE  consists  of  350  subroutines  and  39,000  (approx) 
lines  of  code  programmed  in  Microsoft  Fortran  4.0  and  uses  IBM  PC  assembly  language. 
Details  of  the  programming  design  are  described  elsewhere^  f 

GAUGE  can  be  implemented  on  IBM  PCs,  or  compatibles,  and  supports  both 
Enhanced  Graphics  Adapter  (EGA)  and  Color  C  aphics  Adapter  (CGA)  monitor  options. 
The  minimum  required  hardware  is  an  IBM  T  ith  tow  floppy  diskette  drives,  640K  of 
memory  and  the  CGA  monitor.  For  performance,  an  IBM  AT  with  a  hard  disk,  an 
80287  numerical  coprocessor,  and  an  EGA  catu  is  recommended. 

Functionally,  GaUGE  consists  of  three  individual  parts:  a  graphical  processor  which 
performs  all  the  pre-  and  post-processing  of  GEMACS  derived  data,  a  macro- 
processor'^  J  to  enable  more  complex  geometry  structures  to  be  defined  and  stored  in  a 
macro  library,  and  translators  which  change  the  data  format  of  the  parent  program  for 
suitable-  processing^ ’i. 

Much  of  the  design  philosophy  for  the  GAUGE  program  was  developed  at  Northrop 
as  part  of  an  on-going  IR&D  research  activity  entitled  " User*- friendly  Electromagnetic 
Workstation",  and  has  been  previously  published  This  paper  will  show  how  the 

techniques  embodied  in  the  GAUGE  graphical  processor  are  applied  to  four  specific 
electromagnetic  modeling  examples.  The  examples  discussed  are  1)  bistatic  scattering 
from  a  cube,  2)  electromagetic  coupling  between  AIM-7  missile  and  illuminator,  3) 
MOM/GTD  hybridization  modeling  for  a  spiral  antenna,  and  4)  the  induced  skin 
current  from  near  field  shipborne  antennas  computed  by  NEC.  The  first  example 
discussed,  though  simpler  electromagnetically,  will  be  covered  in  more  detail  than 
subsequent  examples  to  introduce  the  reader  to  the  GAUGE  graphical  processor  menu 
structure. 

The  graphical  features  illustrated  in  relation  to  these  electromagnetic  examples  arc: 
view  (zoom,  view  angle,  color  etc.)  rotate/translate,  interactive  picks,  rejects,  merging 
models,  saving  all  or  part  cf  a  model,  color  coding  elements,  contours  on  structure,  two 
dimensional  plots,  electronic  cut  and  paste,  and  hardcopy  to  a  pen  plotter  or  HP  laserjet 
printer. 


BISTATIC  SCATTERING  from  a  CUBE 


For  this  first  simple  example,  the  steps  in  solving  a  GEMACS  problem  using  the 
GAUGE  graphical  processor  will  be  described  in  some  detail.  Suppose  we  wish  to 
compute  the  far  field  scattering  at  300  MHz  from  a  simple  cube  with  dimensions  0.1  x 
0.1  x  0.1m  from  a  plane  wave  source  with  a  vertically  polarized  E-field  located  at 
THETA-90  FHI-Q,  and  the  observation  is  from  PHI-0  to  PHI-180,  and  THETA-90.  We 
wish  to  find  the  current  and  field  distribution  at  both  300  MHz  and  9  GHz. 

GEMACS  can  be  used  to  solve  this  problem  using  the  MOM  solution  technique  at  300 
MHz  and  the  GTD  method  at  9  GHz.  Formerly,  we  would  have  used  the  GEMACS 
command  language  to  formulate  this  problem  and  its  rather  rudimentary  tabular  output 
to  view  the  results.  But  no\  the  model  can  be  easily  constructed  with  the  pre-processor 
option  of  GAUGE,  the  model  integrity  once  built  can  be  viewed  and  modified  if 


necessary,  while  the  post-processor  can  be  used  to  display  the  GEMACS  computed 
results.  Figures  l.A  and  l.B  show  the  extent  of  the  graphical  processor  menu  tree  and 
will  not  be  discussed  in  detail  here,  It  is  possible,  however,  even  for  the  casual  reader, 
to  see  the  relationship  between  the  GAUGE  main  menu  and  the  first  tier  of  sub-menus 
which  are  outlined  in  bold. 


FIGURE  l.B  Graphical  Processor  Tree  (Extensive) 


Construction  with  the  GAUGE  Pre-processor  Options 


The  first  task  is  to  provide  four  points  defining  the  base  of  the  cube:  (-.05,  -.05,- 
.05),  (0.05, -0.05, -.05),  (.05, .05, -.05),  (-  .05, .05, -.05).  These  points  are  provided  through 
the  use  of  the  pre-processor’s  add  points  menu.  The  point  ID  starts  at  "1"  and 
automatically  increments  by  unity.  Upon  exiting  the  menu,  four  points  are  drawn  on  the 
screen. 


Rather  than  specify  each  separate  corner  point  to  build  the  wire  grid  model,  it  is 
quicker  to  make  a  plate  and  then  use  the  pre-processor’s  powerful  translate  features  to 
construct  the  cube.  This  can  be  accomplished  in  two  easy  steps  in  the  Translate/ rotate 
option  of  the  pre-processor  function  by  using  the  add  plates  and  connect  Plates  sub¬ 
options. 


The  final  step  in  constructing  the  cube  is 
to  check  the  plate  normals.  Normals  may  be 
turned  ON  in  the  parameter  menu,  as  may 
plate  ID  values.  When  the  model  is  re¬ 
drawn,  it  is  clear  that  plate  ID  1  has  a 
normal  pointing  towards  the  interior  of  the 
cube.  From  the  edit  plate  normals  menu  in 
the  pre-processor  we  can  specify  plate  ID  1. 
When  the  model  is  re-drawn  all  the  normals 
will  be  correct  as  shown  in  Figure  2.  The 
cube  can  then  be  retained  in  a  file  specified 
in  the  pre-processor  save  model  menu, 
assigned  the  file  name  "cubcplat.geo"  ami 
used  as  a  GTD  plate  geometry  model  for 
GEMACS, 


CuktfUi.i«o  aboun  with  IDs  4twl  nornuls 


The  next  objective  is  to  build  a  wire  frame  model  of  the  cube  to  use  in 
the  GEMACS  MOM  modeling  solution  process.  This  is  an  easy  task  -  accomplished  in 
one  step  from  the  pre- processor  plates  mx>  wires  conversion  menu.  When  the  mode!  is 
re-drawn  (with  shrink  plot  ON)  the  plates,  and  wires  can  clearly  be  distinguished  not 
only  by  their  shapes  but  also  by  the  different  colors  used  to  display  plates  and  wires. 
The  plates  are  now  unnecessary  and  should  be  deleted.  One  way  to  delete  the  plates  is 
to  go  to  the  show/ noshow  menu  arid  specify  show  by  type.  Wires  are  selected  by 
specifying  type  1  and  show  only.  When  the  model  is  re-drawn,  only  the  wires  will  be 
displayed.  The  plates  are  then  deleted  from  the  pre-processor  delete  noshow  items  menu. 
Nothing  changes  in  the  display  of  the  model,  but  the  model  stats  sub-menu  under 
utilities  shows  that  there  are  only  12  wires  (CP)  in  the  model. 

At  this  point  the  wire  ID  value;,  should  be  checked,  the  wires  were  created  when 
the  plates  were  still  in  the  model  and  so  have  ID  values  that  were  automatically 
incremented.  Turning  plaU’&CP&PA  ID  ON  in  the  parameter  menu  shows  that  the  wire 
IDs  start  at  7,  The  wires  arc  renumbered  in  the  pre-p-occssor  renumber  menu  by 
turning  pln'es&CP&PA  ON  and  not  changing  the  default  start  ID  and  increment.  When 
the  model  is  re-drawn,  see  Figure  3,  the  ID  ve.hois  start  at  1.  This  wire  «»ame  model 
may  be  retained  in  the  pre-processor  save  model  menu  under  the  filename 
"cube  wire.  geo". 


Figure  3 


After  creating  the  two  geometry  files, 
the  GEMACS  command  language  would 
have  to  be  added  to  the  geometry 
description  to  complete  the  required 
GEMACS  input  deck  used  to  process  the 
results  for  the  wire  grid  MOM  model  at  300 
MHz  and  GTD  model  at  9  GHz.  This  is 
explained  in  greater  detail  in  [2]  Section  B. 
However,  for  information  purposes,  the 
GEMACS  command  deck  for  running  the 
MOM  example  for  this  problem  is  shown  in 
Figure  4. 
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FIGURE  4  GEMACS  Command  Deck 


Model  Display  and  Plotting  with  the  GAUGE  fr  st-- processor  Opt icn 

The  GAUGE  graphical  processor  can  be  used  to  examine  the  results  of  the 
GEMACS  run.  Assume  that  the  fields  and  currents  computed  by  GEMACS  are  in  a 
suitable  data  format  for  further  processes  by  the  post- processor  ([2]  Section  R)  and 
stored  in  "cubewire.crl".  Current  can  be  mapped  onto  the  wireframe  model  and 
displayed  by  color.  The  color  by  current  menu  in  the  post- processor  option  maps  the 
current  density  to  the  geometry  structure.  The  results  are  not  shown  (monochrome 
paper)  but  display  the  highest  current  along  the  wires  parallel  to  the  2 -axis  as  would  be 
expected.  The  global  axes  and  a  legend  showing  the  correspondence  of  current  to  color 
values  can  also  be  added  using  the  text /axes /etc.  menu  option. 


An  F.-field  pattern  is  displayed  by  choosing  2-0  plots  under  the  post-processor 
menu,  then  read  plot  data  and  specifying  the  file,  "cubewire.cf'l"  which  was  created  by 
the  GEMACS  output  translator.  Of  the  eight  columns  of  data  available,  the  only  data 
to  be  used  in  the  polar  plot  are  the  "PHI"  values  (angle)  and  the  "E-THETA"  values  for  the 
radii.  A  dll  plot  is  chosen  and  the  minimum  radius  value  is  set  ro  -10.  The  set 
color&Jill  menu  is  used  to  set  the  color  to  pink  (12)  and  fill  turned  ON.  A  box 
outlining  the  size  of  the  p:ot  is  moved  and  sized  on  screen  and,  then,  the  polar  plot  is 
drawn  as  illustrated  in  Figure  5. 
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FIGURE  5.  Polar  Plot 


FIGURE  6.  Rectangular  Plot 


The  results  of  the  GTD  run  are  displayed  by  again  choosing  2-0  plot  and  reading 
the  plot  data  file  "cubeplut.ef  1".  Rectangular  plot  is  chosen,  showing  the  total  E-field 
from  the  source  and  the  scattered  field  from  the  cube.  The  X-axis  (horizontal)  is  "PHI", 
and  the  Y-axis  is  "E-THETa".  A  dU  plot  is  chosen  and  the  formats  for  X  and  Y  are 
set.  Set  color&Jill  .v-  used  v  set  the  color  to  green  (4)  and  fill  turned  OFF.  A  box  then 
appears  on  screen  and  is  moved  and  sized.  When  return  is  pressed,  the  rectangular  plot 
is  then  shown  as  illustrated  in  Figure  C. 

MM-  7  ILEUMii'lATOU  ' 


Our  next  example  shows  some  of  the  graphical  features  used  to  model  the  AIM-7 
illuminator,  A  previous  publication  (*■]  showed  how  Northrop’}  3-D  mainframe  CAD 
package  (NCAD)  could  be  used  to  generate  or  display  sophisticated  aircraft  geometry 


Figure  9  shows  a  cavity-backed  spiral  constructed  using  the  GAUGE  graphical 
processor’s  pre-processor  function  to  build  the  GTD  portion  of  the  geometry  with  plates, 
j.nd  the  macro-processor  for  the  MOM  spiral  portion.  Figure  10  shows  the  far  field 
pattern  with  text  to  annotate  the  plot. 
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FIGURE  9  Cavity-backed  Spiral 


FIGURE  10  Far  Field  Pattern 


ANTENNA  NEAR  FIELD  DISTRIBUTION  on  SHIPBORNE  PLATFORM 


The  final  example  demonstrates  the  capability  of  GAUGE  to  accept  and  process 
NEC  data.  GAUGE  has  been  designed  with  sufficient  flexibility  to  interact  with 
other  electromagnetic  codes  and  can  interpret  NEC  geometry  commands.  The  graphical 
processor  cannot  interact  directly  with  NEC,  but  (as  in  the  case  for  GEMaCS  data) 
needs  to  go  through  a  translator  [6).  Details  of  this  are  explained  in  ([2],  section 
D.l). 

Figure  1 1  shows  a  NEC  MOM  geometry 
model  of  a  ship  displayed  by  the  GAUGE 
graphical  processor,  The  zoom  feature  of  the 
pre-processor  function,  combined  with  the 
ability  to  change  the  view  angle,  uncovered  a 
number  of  duplicate  wires  which  were 
subsequently  removed  by  the  delete  points 
menu.  After  performing  all  the  model 
integrity  checks  in  the  graphical  processor,  an 
antenna  radiation  problem  was  run  using  a 
mainframe  version  of  NEC;  and  the  results 
were  saved  in  an  external  file. 

Since  the  antennas  are  modeled  with  a  different  wire  radius,  they  can  be  identified 
by  the  post-processor  option  to  select  wires  by  radius  value  which,  in  conjuntion  with 
the  very  powerful  show /no  show  option,  can  be  used  to  identify  the  antenna  locations. 
This  is  illustrated  by  Figure  12. 


Figure  11 


models,  which  could  be  reduced  from  a  MOM  representation  to  a  simplified  GTD  form 
by  interactive  picks.  The  same  methodology  can  be  used  with  the  GAUGE  graphical 
processor  at  the  PC  level  without  incurring  the  expense  and  complexity  of  a 
sophisticated  mainframe  refresh  tube  or  software  support. 

Figure  7  illustrates  the  polar  antenna 
patterns  for  roll  and  yaw  plane  cuts  of  the 
AIM-7  illuminator  transmit  antenna  located 
in  the  fairing  of  the  vertical  stabilizer.  The 
GAUGE  post-processor  features  illustrated 
here  include  not  only  model  view,  polar 
plotting,  and  textual  annotation,  but  the 
ability  to  associate  related  computed 
observables  (plots,  model,  etc)  in  one  screen 
by  Electronic  Cut  <£  Paste.  Hard  copy  to  an 
HP  laserjet  is  also  illustrated  since  the  figures 
are  photocopies  of  the  actual  plots  created  by 

Figure  7 

Figure  8  shows  the  electromagnetic 
coupling  between  the  transmit  and  receive 
antennas  mounted  on  the  missile  located 
on  the  outboard  pylon.  The  upper  plot 
shows  the  expected  diminishing  of 
antenna-to-antenna  coupling  (dB)  with 
distance  after  the  missile  is  fired.  The 
figure  illustrates  the  post-processor  linear 
plotting  capability  and  the  ability  to  draw 
a  box  to  encapsulate  areas  such  as  the 
wing  diffraction  portion  of  the  plot. 

MOM  MODELING  of  a  CAVITY-BACKED  SPIRAL 


the  GAUGE  graphical  processor. 


An  application  of  the  GEMACS  MOM  solution  technique  to  compute  the  far  field 
antenna  pattern  of  a  cavity-backed  spiral  is  described  in  [6]  GEMACS  Source  Book. 
Antenna  input  impedance,  current  distribution  and  field  patterns  can  all  be  computed  by 
a  GEMACS  hybrid  run,  when  the  geometry  has  been  defined.  The  crux  of  the  problem 
is  to  construct  the  center  archimedean  spiral  portion  of  the  antenna.  This  would  be  a 
formidable  undertaking  if  constructed  manually  by  the  modeling  technique  offered  in 
the  standard  GEMACS  program. 

GAUGE,  however,  offers  a  powerful  macro  modeling  feature  [3]  separate  from  the 
graphical  processor,  which  alleviates  the  tedium  of  calculating  data  by  hand,  and  re¬ 
entering  frequently  used  descriptions  of  structures  or  parts  of  structures.  A  Macro- 
Library  capability  in  GAUGE  allows  a  GEMACS  or  GAUGE  user  to  define  and  store 
parametric  geometry  models  in  plain  English  text  without  having  to  write  new 
FORTRAN  and  modify  GEMACS  or  GAUGE.  This  is  also  described  in  ([2]  Section 
Dj). 
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FIGURE  12  Antenna  Locations  FIGURE  13  Current  Contours 

Figure  13  illustrates  yet  another  powerful  feature  of  the  GAUGE  Output  translator, 
the  ability  to  map  data  onto  the  geometry  and  look  at  its  distribution.  This  was 
performed  for  the  distribution  of  E-Field  component  across  the  ship’s  deck  due  to  near 
field  antenna  excitation.  This  is  particularly  useful  for  locating  "hot  spots"  and  critical 
areas  on  the  ship’s  deck  where  sensitive  equipment  should  not  be  placed.  Figure  13 
further  illustrates  the  graphical  processor’s  zoom  capability,  and  the  grey-scale  shading 
feature,  useful  for  assigning  different  grades  of  shadow  for  specific  ranges  of  mapped 
current  as  an  alternative  to  color. 


CONCLUSIONS 

The  lessons  learned  during  the  IR&D  research  activity  User-Friendly  Electromagnetic 
Workstation  program  [4J  made  it  possible  to  code  a  versatile  graphical  interface, 
GAUGE,  in  a  short  six  month  period.  The  GAUGE  design  interfaces  a  powerful  set  of 
features,  based  on  the  IBM  PC,  to  the  parent  GEMACS  code.  GAUGE  can  be 
interfaced  with  other  codes  by  writing  a  suitable  translator  as  has  been  proven  with 
NEC,  BSC,  MISCAT  and  NASTRAN.  All  of  the  software  is  public  domain  and  can  be 
obtained  from  RADC/RRC7,  Griffiss  AFB,  New  York  13441-5700,  through  the 
government  representative  Mr.  K..  R.  Siarkiewicz,  at  (315)  330-2465. 
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ABSTRACT 

A  new,  IBM  PC  based,  graphical  interface  for  GEMACS  and  other  electromagnetic 
codes  is  described.  GAUGE  enables  users  to  perform  pre-  and  post-processing  of 
electromagnetic  models  and  data.  Interactive  graphics  and  CAD  features  are  tailored 
directly  towards  electromagnetic  modeling.  The  discussion  emphasizes  the  design 
philosophy  during  programming  the  GAUGE  graphical  interface  software,  and  highlights 
database  design,  language  choice,  menus,  drivers,  utilities,  hardcopy  and  hidden  line 
compromise,  and  documentation  as  key  items  adopted  by  the  approach. 

INTRODUCTION 

A  new,  user-friendly,  graphical  interface  termed  GAUGE  ( Graphical  Aids  for  Users 
of  GEMACS  r  has  been  developed  for  use  with  GEMACS  ( General  Electromagnetic 

Model  for  the  Analysis  of  Complex  Systemsy  '  and  other  electromagnetic  codes.  The 
GAUGE  software  has  been  written  for  installation  on  the  IBM  PC  and  is  programmed  in 
Microsoft  Fortran  4.0  and  IBM  PC  assembly  language. 

GAUGE  resides  at  the  PC  level  and  interacts  with  mainframe-implemented  versions 
of  GEMACS  by  external  file  manipulation.  The  graphical  interface  helps  an  engineer 
build,  view,  and  store  geometry  for  electromagnetic  models,  and  conveniently  displays 
GEMACS  processed  results  in  a  variety  of  different  ways.  GAUGE  was  programmed 
specifically  for  GEMACS  to  support  all  version  4.0  electromagnetic  solution  techniques 
including  MOM,  GTD,  FD  and  hybrid  formulations',  and  wires,  patches,  plates, 
cylinders,  end  caps  and  apertures  for  building  complex  shapes.  Enough  flexibility  was 
programmed  into  GAUGE  for  it  to  "stand  alone"  or  interface  with  other  electromagnetic 
codes.  The  rich  set  of  graphics  features  developed  on  this  program  '  ’  •  can  already  be 
interfaced  (to  a  degree)  to  NEC  ( Numerical  Electromagnetic  Code,  BSC  ( Basic  Scattering 
Code),  and  MISCAT. 

The  programming  of  the  GAUGE  graphical  interface  was  performed  in  a  six-month 
period.  The  programming  described  was  accomplished  by  Northrop  Corporation  and 
sponsored  by  RADC/RBCT  under  contract  F30602-87-C-01 10.  During  that  period,  over 
350  subroutines  and  39,000  lines  were  coded. 


^  Method  of  Momantt  (MOM),  G«om*trlt»l  Thaory  of  Diffraction  (OTD),  Finita  Diffaranca  (FD)  art  <llff«r*nt 
alactromafnatic  tolution  Uchnlquu  which  can  ba  hybridiaad  in  GEMACS. 


The  success  of  the  contract  depended  on  programming  GAUGE  quickly  and 
choosing  a  very  specific  approach  to  the  program  design.  Some  key  attributes  of  this 
approach  are  discussed  herein  and  include  database  design,  language  choice,  utilities, 
hardcopy  and  hidden  surface ,  and  documentation  with  emphasis  throughout  on  the 
programming  design  rationale. 


GAUGE  DESCRIPTION 


GAUGE,  illustrated  in  Figure  1,  is  not  executed  in  a  single  program  step.  The 
complete  GAUGE  ensemble  consists  functionally  of  four  program  modules:  a  graphics 
processor,  input  translators  and  output  translators,  and  a  macro -processor.  The 
translators  are  used  to  convert  between  the  EM-derived  database  format  used  by 
GEMACS  and  the  database  adopted  by  the  GAUGE  graphics  processor,  which  are 
different  (as  explained  later).  Details  of  the  macro  processor,  which  enables  more 
complex  geometries  to  be  defined,  the  translators,  and  how  GAUGE  interfaces  with 
GEMACS,  can  be  found  in  References  [1,2,4], 


Figure  1.  GAUGE  Modules  and  Interface 

The  focal  point  of  the  interface  design  is  the  graphics  processor  comprising  more 
than  70%  of  the  total  program  code,  whose  role  is  to  provide  a  wealth  of  graphics 
features  for  the  pre  and  postprocessing  of  GEMACS  derived  data.  The  graphical  features 
are  not  discussed  in  detail  but  include:  create  wires,  patches,  plates,  cylinders,  end  caps, 
apertures,  rotate/ translate,  projection  onto  plane,  reflection  through  plane,  use  of  arrow 
keys  for  geometry  construction,  3-D  rotations,  zooms,  translations,  scaling,  show  noshow 
options,  shrink  plots,  skeleton  plots,  hidden  surface  plots,  ID  labeling,  and  polar  and 
cartesian  field  pattern  plotting. 

GAUGE  can  be  implemented  on  IBM  PCs  or  compatibles  and  supports  both 
Enhanced  Graphics  Adapter  (EGA)  and  Color  Graphics  Adapter  (CGA)  monitor  options. 
The  minimum  required  hardware  is  an  IBM  PC  with  two  floppy  diskette  drives,  640K.  of 
memory,  and  the  CGA  monitor.  For  performance,  an  IBM  AT  with  a  hard  disk,  an 
80287  numerical  coprocessor,  and  an  EGA  card  is  recommended. 


PROGRAMMING  DESIGN  APPROACH 


Background  and  Restrictions 

Many  of  the  concepts  used  in  designing  GAUGE  were  derived  from  a  parent  IR&D 
program  at  Northrop  entitled  " User-friendly  Electromagnetic  Workstation" ,  where  the 
design  objective  is  to  develop  a  graphical  interface  for  many  codes  sharing  a  common 
data  base.  A  PC-based  graphics  package  termed  PCNEWS  ( PC  -  Northrop 
Electromagnetic  Workstation)  was  deve!oped[5],  but  the  coding  requirements  were 
entirely  different.  PCNEWS{6]  is  coded  in  the  "C"  programming  language  and  uses  an 
inexpensive  commercial  graphics  package  (Metagraphics)  as  the  interface  driver  to  the 
IBM  graphics  card  monitor.  The  restrictions  placed  on  the  GAUGE  software  design 
required  all  software  to  be  coded  in  Microsoft  FORTRAN  and  no  commercial  software 
to  be  used. 

Despite  these  restrictions,  the  programming  design  goal  was  to  achieve  a  user- 
friendly,  portable,  modular  graphical  interface  that  would  be  easy  for  engineers  to  use 
and  flexible  enough  to  interface  a  variety  of  EM  codes  (other  than  GEMACS).  From 
the  many  important  considerations  used  to  achieve  this  goal  key  items  discussed  are 
data  base  design,  menu  structure,  basic  algorithms  and  utilities,  onscreen  help,  and 
documentation. 

Database  Design 


The  database  format  is  the  most  critical  element  of  the  graphical  processor  design. 
It  enables  a  large  repertoire  of  graphical  features  to  be  coded  and  used  to  display  EM 
models  in  an  efficient,  flexible  manner  giving  the  graphical  processor  considerable 
generality. 

Point  Non-polygonal 


Figure  2.  Graphics  Data  Base  Arrays 


Careful  examination  of  the  GEMACS  database  revealed  that  it  was  not  suitable,  or 
optimized,  for  the  display  of  graphics.  For  example,  a  cylinder  must  be  converted  to 
points  and  polygons  before  display.  Similar  shortcomings  were  found  with  other 
electromagnetic  codes  (NEC,  BSC,  etc.)  while  considering  how  to  make  the  software 
versatile. 

!t  was  thus  decided  to  choose  points  and  polygons  for  the  new  data  base  format  for 
simplicity  and  efficient  display  of  GEMACS  data.  Figure  2  illustrates  how  data  are 
stored  in  the  graphical  processor  database  in  a  series  of  arrays.  There  are  point  arrays 
and  tables  and  a  large  polygon  table  containing  all  the  whe,  plate,  patch  and  polygon, 
information  for  GEMACS,  and  another  'able  for  nonpolygonal  elements  for  GEMACS 
cylinders,  apertures,  coord  cards  etc..  GEMACS  geometric  entities  that  are  not  points  or 
polygons  (e.g.  cylinders)  are  kept  in  separate  arrays;  however,  for  display  purposes, 
dummy  points  and  polygons  of  these  entities  are  generated  and  also  stored  in  the  point 
and  polygon  tables. 

This  data  base  arrangement  was  adopted 
for  simplicity  and  speed.  Plotting  routines 
merely  have  to  cycle  through  the  point  and 
polygon  tables  when  displaying  information. 

The  trade-off  is  simplicity  and  speed 
versus  memory  allocation.  The  generated 
lists  of  dummy  polygons  can  be  large  but 
are  drawn  efficiently.  The  number  of 
points  and  polygons  is  limited  by  memory 
allocation  to  1500  each,  which  is  sufficient 
for  most  modeling  purposes.  Figure  3 
shows  a  GEMACS  MOM  wire  grid  model  of 
an  F-20  plotted  near  the  data  base  limits. 

3-D  Considerations 
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Fig.  3  Wire  grid  model  at  Database  Limits 


A  method  had  to  be  devised  to  visually  represent  three-dimensional  objects 
formulated  by  MOM  and  GTD  electromagnetic  modeling  of  cylinders  Or  3-D  aircraft 
geometries  on  the  two-dimensional  screen. 

The  geometry  data-base  depends  on  points  and  how  they  are  connected.  Every 
polygon  refers  to  the  stored  point  arrays  for  its  corners.  For  model  viewing  on  the  screen 
each  point’s  world  coy  b nates  needs  to  be  converted  to  screen  coordinates  representing 
the  screen  pixels.  This  piocess  is  accomplished  in  three  main  steps  indicated  in  Figure 
4.  First,  a  view  orientation  specified  by  the  user  is  used  to  create  a  four  by  four 
rotation  matrix.  Next,  the  rotated  and  projected  coordinates  (Px,  Fv)  for  each  point  are 
generated  using  the  rotation  matrix.  Finally,  the  rotated  and  projected  coordinates  are 
scaled  and  hifted  to  the  exact  screen  pixel  locations. 

Storing  Px,  P  (the  rotated  projected  coordinates)  allows  great  flexibility  in  model 
display.  The  model  can  be  redrawn  easily  with  little  recomputation  as  long  as  the  view 
orientation  does  not  change. 
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Figure  4.  World -Coordinates  to  Screen-Coordi  lates  Conversion 
Polygonal  Representation  of  3-D  Objects 


As  described  earlier,  the  strict 
mathematical  represent..t:on  of  a  3-D  object 
cannot  be  represented  exactly  on  a  flat 
screen.  Cylinders  used  in  GEMACS  GTD 
modeling,  for  example,  arc  represented  as 
faceted  polygons  for  display  purposes. 
Predictably,  cylinders  displayed  with  more 
faceting  look  closer  to  the  real  thing  than 
coarsely  faceted  represent?»:ons,  but  there  is  a 
trade-off  between  computer  memory 
requirements  and  display  time.  The  smooth¬ 
looking  screen  image  of  multifaceted 
cylinders  must  also  be  traded  with 
complexity,  particularly  when  modeling 
GEMACS’  cylinders  with  end  caps  and 
multiple  apertures.  Figure  5  shows  several 
representations  of  cylinders  with  different 
degrees  of  faceting. 

Language  Choice 

The  "C"  programming  language  would  have  been  (and  still  is)  the  preferred  choice 
for  this  interface  design,  for  its  high-level  and  low-level  language  flexibility,  its  built-in 
library  utilities,  and  its  recursive  nature;  nevertheless,  a  program  design  requirement  was 
to  provide  software  to  the  government  that  could  easily  be  modified  when  distributed  to 
the  current  GEMACS  user  community,  who  are  predominantly  well  versed  in 
FORTRAN.  This  need  caters  to  the  potential  customer  who  may  wish  to  customize  or 
modify  the  delivered  GAUGE  software  package  to  individual  requirements. 

For  similar  reasons,  it  was  also  required  that  software  design  should  not  include  any 
commercial  software  such  as  the  Metagraphic’s  MetaW!NDOWS{7]  graphics  toolkit  that 
had  been  customized  for  development  work  on  PCNEWSI3.6].  The  restrictions  here 
involve  lega!  implications  as  well  as  third  party  dependency. 

Thr  majority  of  the  software  for  the  graphical  processor  consists  of  239 
subroutines  coded  in  Microsoft  FORTRAN;  the  remaining  part  comprises  22  subroutines 


CYLINDERS 


Fig.  5  Polygonal  Faceting  of  Cylinder 


The  graphic  drivers  and  utility  routines  were  design  factors  instrumental  in 
progressing  the  skeleton  design  toward  more  established  code. 

Graphic  Drivers 

The  timely  design  of  the  assembly  language  graphics  drivers  presented  a  formidable 
problem  that  had  to  be  quickly  resolved,  since  the  FORTRAN  graphics  software  routines 
could  not  be  tested  without  the  drivers  "in  place".  An  interim  solution  to  this  difficulty 
was  provided  by  the  Metagraphics’  Metawindow  routines  already  developed  for  PCNEWS 
and  described  elsewhere[5,6].  This  solution  permitted  graphics  subroutine  software  to  be 
developed  and  tested  while  the  assembly  language  drivers  were  being  coded.  The 
Metagraphics  interface  used  for  bit  mapping  and  screen  operations  was  completely 
replaced  by  assembly  language  routines  in  the  final  software. 

ypical  assembly  language  routines  coded  include:  drawdot,  drawpolygon, 

fiilgjlygon,  and  drawmessage.  Details  of  these  routines  with  subroutine  descriptive  data 
can  be  found  in  Reference  [1],  Section  F.  Complete  program  listings  are  provided  with 
the  program  source  code. 

Utility  Subroutines 

A  library  of  utility  subroutines  was  formed  early  in  the  software  design  phase. 
These  utility  subroutines  greatly  simplified  the  coding  performed  downstream  and 
enabled  the  program  to  be  accomplished  within  the  tight  schedule  requirements. 

Preeminent  among  routines  developed  for  this  purpose  were  the  menu  utilities. 
Implementing  menus  as  utility  programs  early  in  the  design  phase  standardized  the  menu 
appearance  and  prevented  much  duplication  of  code.  Another  important  group  of 
modular  utility  routines  is  contained  in  the  graphics  module.  These  routines  were 
designed  not  only  to  facilitate  programming  as  the  software  progressed  but  also  serve  to 
make  the  GAUGE  graphical  processor  portable.  The  rest  of  the  program  only  calls  the 
FORTRAN  routines  in  the  graphics  module,  which  call  the  appropriate  assembly 
language  routines.  This  isolates  the  rest  of  the  code  from  dependencies  on  a  particular 
graphics  card  or  machine. 

Another  useful  utility  developed  during  the  software  development  task  was  the 
getfile  routine.  This  is  used  in  any  module  for  I/O  to  an  external  file  providing  extra 
features  which  cannot  be  accomplished  by  simple  FORTRAN  "open"  and  "close" 
statements.  For  example  the  path  and  seefiles  option  enables  users  to  search  any  desired 
suodirectory  for  a  user-specified  extension. 


HARDCOPY  AMD  HIDDEN  LINE  COMPROMISE 

There  are  difficulties  posed  by  providing  "true"  hidden  //>ic[8]  capabilities  for 
hardcopy  devices  driven  from  personal  computers.  The  problem  is  associated  with  the 
PC’s  restricted  processing  power  (as  compared  to  mainframes)  to  compute  multiple 
intersections  required  by  true  hidden  line  algorithms[9J. 

The  graphical  processor  proviaes  hidden  line  capability  with  the  painter’s  algorithm 
which  is  used  to  display  models  with  their  hidden  lines  removed  on  the  PC  video 
monitor.  This  technique  uses  a  raster  screen’s  ability  to  color  fill  polygons  by 
overpainting  the  screen.  The  polygons  are  sorted  and  drawn  in  order  from  background 
to  foreground;  thus,  closer  polygons  will  "hide"  portions  of  the  model  behind  them. 


written  in  IBM  assembly  language  for  the  graphic  drivers.  The  graphic  drivers, 
discussed  elsewhere,  are  used  for  bit  mapping  and  screen  operations  interfacing  with 
IBM’s  Extended  Graphics  Adapter  (EGA),  and  Color  Graphics  Adapter  (CGA)  options 
for  the  screen  monitor. 

Menus,  Drivers,  and  Utilities 

The  software  design  strategy  adopted  in 
the  original  phases  of  the  program  focused  on 
developing  a  working  skeleton  outline  that 
could  initially  read  and  perform  very  basic 
functions  required  by  the  final  software.  For 
example,  the  skeleton  could  read  geometry 
files,  view  the  screen  model,  and  store  model 
information  in  output  files.  The  menu 
structure  and  appearance,  were  determined 
during  the  infancy  of  the  design  process  even 
though  a  great  majority  of  the  menus 
originally  acted  only  as  "place  holders". 

Gradually,  these  menus  were  finalized  as  the 
software  design  evolved.  Figure  6  shows 
some  typical  menus  used  in  the  initial 
skslston  design,  v/hile  Figure  7  the 

menu  tree  of  the  graphical  processor. 


FIGURE  7,  Menu  Tree  for  Graphical  Processor 


This  is  illustrated  in  Figure  8  by  comparing  the  original  cluttered  image  with  the 
resulting  solid-looking  profile.  For  screen  viewing,  the  hidden  line  removal  can  be 
removed  quickly  and  efficiently,  and  the  screen  can  be  dumped  to  a  laser  printer  for 
high-quality  hardcopy,  or  a  dot  matrix  printer  for  draft-quality  copies  (see  Figure  y). 


FIGURE  8.  Hidden  Line  Removal  FIGURE  9.  Draft  Quality  Print 


The  painter*  algorithm  approach  has  been  incorporated  into  the  graphical  processor 
design  for  hidden-line  applications  because  the  method  is  easy,  quick,  and  flexible,  and 
is  not  CPU  intensive.  But  the  real  utility  for  this  particular  design  is  the  flexibility  of 
the  technique.  Hidden  surface  can  be  combined  with  other  graphic  features  including 
shrink,  skeleton ,  and  contouring[  1,5,6]  to  produce  very  powerful  graphics  for  the  post- 
and  pre-processing  of  GEMACS  data,  including  current  mapping  to  structure.  Figure  10 
illustrates  hidden  surface,  hidden  surface  together  with  the  shrink  option,  hidden  surface 
with  skeleton,  and  finally  hidden  surface  plus  skeleton  and  contour  fill  features  all 
combined. 


The  disadvantage  of  the  painter^ 
algorithm  method  is  that  it  lacks  some 
precision  i.e.  it  is  about  95%  accurate,  and  it 
cannot  draw  models  to  non-bit  mapped 
devices  such  as  pen  plotters.  An  alternative 
approach  not  currently  supported  by  the 
graphical  processor  is  to  compare  each  of  the 
polygi  nal  faces  to  the  remaining  faces,  or 
portions  of  faces  that  are  not  visible,  and 
then  draw  only  the  visible  lines.  This  method 
has  not  been  installed  in  the  current  version 
of  GAUGE  but  should  be  incorporated  in  a 
future  upgraded  version. 


FIGURE  10.  Hidden  Surface  Flexibility 


DOCUMENTATION 


An  exposition  of  the  programming  approach  described  in  this  paper  must  be 
addressed  since  it  played  an  important  role  in  the  development  of  the  software. 
Comments  were  provided  liberally  throughout  the  code  to  explain  special  or  unusual 
features.  Other  programmers  were  the  target  audience.  As  each  subroutine  was  coded,  a 
header  block  defining  its  purpose  and  I/O  variables  was  written  (see  Reference  1 
Sections  F,G,H).  This  proved  useful  for  reference  purposes  during  the  software 
development  phase. 

A  valuable  feature  which  proved  helpful  during  software  testing,  and  for  personnel 
unfamiliar  with  the  software  interface,  was  the  incorporation  of  an  on-line  screen  help 
facility  that  is  readily  available  by  pressing  the  <F1>  function  key  from  any  menu. 
Twenty-two  lines  of  text  are  used  to  convey  guidelines  for  novice  users.  This  is 
illustrated  in  Figure  11.  Each  menu  contains  a  cross  reference  to  more  detailed 
descriptions  contained  in  the  program  users  guide  (Reference  1.  Section  C). 
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Figure  11.  GAUGE  On-line  Help  Feature 

A  further  feature  facilitating  documentation  was  the  playback  feature.  This  is  yet 
another  helpful  utility  which  enables  keystrokes  for  a  particular  sequence  of  events  to  be 
recorded,  stored  in  permanent  file,  and  played  back  for  viewing  or  demonstration 
purposes, 

Since  the  GEM  ACS  code  does  many  things  and  is  quite  extensive  (over  120,000  lines 
of  FORTRAN),  GAUGE  is  also  large.  The  Users  Manual  therefore  provides  desriptions 
of  each  of  the  GAUGE  program  modules  and  their  interaction  with  GEMACS. 
Information  in  the  final  report  is  presented  in  a  progressive  manner  to  avoid 
overwhelming  the  reader  all  at  once.  The  documentation  begins  with  a  short  introductory 
first  section  (1]  and  follows  with  a  "Getting  Started"  section  to  provide  an  opportunity 
for  a  user  to  gain  a  quick  appreciation  of  the  graphics  software  capabilities  without 
having  to  read  the  entire  document  first.  The  macro  processor  section  and  more  detailed 
subsequent  sections  are  intended  for  experienced  GEMACS  users. 


CONCLUSIONS 


Full  justice  to  the  entire  set  of  software  design  considerations  used  in  programming 
GAUGE  cannot  easily  b<;  given  in  a  short  paper  of  this  nature,  but  hopefully  the  key 
items  have  been  addressed.  Experienced  and  novice  GEMACS  users  arc  encouraged  to 
obtain  the  software,  which  is  public  domain  and  available  from  RADC/RBCT,  Griffiss 
AFB,  New  York  13441-5700,  through  the  government  representative  Mr,  K.  R. 
Siarkiewicz,  at  (315)  330-2465. 
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Introduction 


Mathematics  is  the  fundamental  language  used  by  scientists  and 
engineers  to  describe  and  analyze  physical  phenomena.  In  fact,  much  of  the  basic 
training  received  by  the  scientist  or  engineer  is  designed  to  teach  him  or  her  how  to 
understand  and  use  this  language  of  mathematics.  This  use  of  mathematics  to  express 
fundamental  physical  laws  is  riot  some  historical  accident;  Instead,  it  is  based  on  the 
fact  that  mathematical  expressions  can  be  used  to  capture  vast  amounts  of  information 
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The  scientist  or  engineer  typically  works  with  many  types  of  mathematical 
expressions  which  are  often  combined  to  create  a  "model"  of  the  phenomena  under 
investigation.  This  mode!  will  depend  on  the  expressions  used  and  the  values  of 
parameters  inserted  in  the  expressions.  Building  a  model  or  studying  its  performance 
often  involves  trying  to  understand  the  interrelationships  between  equations  and  the 
effects  of  parameter  variations.  One  method  for  understanding  such  relationships  is  to 
characterize  functional  ’mappings'  which  relate  input  values  to  output  values,  and  a 
method  for  displaying  such  functions  is  the  xy-plot  where  y  is  plotted  as  a  function  of  x. 

MathPiot  is  a  microcomputer  program  designed  to  help  the  scientist  or 
engineer  to  build  such  mathematical  models  and  to  help  In  understanding  the 
relationships  by  providing  the  capability  for  interactive  graphical  displays  of  various 
types  of  xy-plots.  MathPiot  Is  designed  to  run  on  the  Apple  Macintosh™  computer;  it 
Incorporates  a  number  of  the  user-interface  features  built  into  that  computer  such  as 
buttons,  windows,  and  menus.  The  MathPiot  program  is  written  in  MacForth  (from 
Creative  Solutions)  and  is  basically  a  specialized  set  of  extensions  to  the  Forth 
computer  language. 

MathPiot  lets  the  user  create  a  mathematical  model  by  typing  some  set  of 
expressions  describing  the  basic  parameters  and  functions  which  characterize  the 
phenomena  of  interest.  The  functions  can  then  be  plotted  on  linear  or  logarithmic 
scales  and  the  parameters  varied  by  simply  selecting  a  parameter  and  changing  Ks 
value  by  ’clicking'  a  button  cr  typing  a  number.  Parameters  are  stored  in  a  linked  list  so 
that  whenever  one  parameter  is  changed,  any  other  parameter  which  depends  on  it  is 


also  updated  to  reflect  the  new  value.  New  functions  can  be  overlayed  on  previously 
plotted  functions  or  the  same  function  can  be  replotted  with  a  new  parameter  value. 
This  whole  process  is  designed  to  be  easily  implemented  so  that  the  scientist  or 
engineer  can  concentrate  on  the  equations  in  his/her  model  rather  than  the  mechanics 
of  the  computer  program, 

MathPlot  is  in  some  ways  similar  to  a  spreadsheet  program.  The  primary 
idea  used  in  a  spreadsheet,  however,  is  some  table  of  numbers.  That  table  can 
depend  on  equations  or  be  plotted  in  a  graph,  but  the  tables  of  numbers  themselves 
are  the  primary  focus  of  spreadsheet  operation.  (  This  is  not  too  surprising,  since 
spreadsheets  were  designed  for  financial  planning  where  numbers  (i.e.  dollars)  are 
the  primary  focus.)  In  MathPlot,  however,  the  mathematical  expression  is  the  primary 
item  and  the  user  does  not  need  to  worry  about  building  some  table  of  numbers  to  see 
a  plot  of  a  function.  (The  program  does  build  such  a  table,  but  it  Is  invisible  to  the  user.) 


Program  Description 


MathPlot  functions  are  divided  into  three  areas,  each  of  which  has  its  own 
window  on  the  screen.  These  windows  are:  (1)  the  command  window;  (2)  the  editor 
window;  and  (3)  the  plot  window.  The  command  window  is  simply  used  for  entering 
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Macintosh  select,  cut,  and  paste  features)  which  is  used  to  create  descriptions  of  the 
models  being  created.  The  plot  window  lets  the  user  create  a  variety  of  plots  and 
easily  do  parameter  studies  and  compare  functions. 


Bunding  Models 

Models  are  created  in  the  editor  window  using  two  types  of  expressions 
called  VARs  and  FUNCTIONS.  A  VAR  is  a  combination  of  what  might  ordinarily  be 
called  constants,  variables,  and  mathematical  expressions.  VARs  are  best  thought  of 
as  objects  which  have  a  name,  an  associated  value,  and  perhaps  a  defining 
expression.  Some  examples  are: 

V7iR  2PJ.  -  2  *  P I  ;  \  VAR  used  as  a  constant 

VAR  XXX  ;  3.0  TO  XXX.  \  VAR  used  as  a  variable 

VAR  ZZZ  “  2PI  *  XXX  /  SQRT  (  3  )  ; 

\  VAR  with  an  expression 

Note  that  VARs  are  created  by  starting  with  the  word  "VAR"  followed  by  the  name  of  the 
VAR,  an  optional  defining  expression  or  constant  value,  and  terminated  by  a 
semicolon.  Spaces  are  used  as  required  delimiters  around  names  and  operators.  [The 
expression  "3.0  to  xxx"  puts  the  value  3.0  into  the  VAR  xxx.] 

VARs  are  similar  to  cells  in  a  spreadsheet  in  that  VARs  are  linked  in  a 
linear  list  as  they  are  created.  When  the  value  of  any  one  VAR  is  changed,  the  values 
of  all  VARs  further  down  the  list  are  automatically  recalculated.  For  example, 


VAR  XXX  ;  2  TO  XXX  \  XXX  now  has  the  value  2 

VAR  YYY  -  2  *  XXX  ;  \  YYY  »  4 

VAR  ZZZ  *=  2  *  YYY  ;  \  ZZZ  =  8 

3  TO  XXX  \  YYY  is  now  6;  ZZZ  «  12 

Recalculation  occurs  only  when  a  new  value  is  stored  into  a  VAR  using  <number>  to 
<var-Name>.  This  feature  allows  one  to  build  a  model  which  contains  a  number  of 
small  pieces  in  the  form  of  VARs,  and  then  go  into  the  model  at  any  level  and  change 
parameter  values  and  see  the  results  automatically. 

The  second  major  building  block  for  models  is  a  FUNCTION.  A  FUNCTION 
is  a  named  operator  which  'maps'  one  or  more  input  values  into  one  or  more  output 
values.  A  number  of  predefined  functions  are  built-in,  including  sin,  cos,  tan, 
ARCSIN,  ARCCOS,  ARCTAN,  EXP,  LN,  LOG,  A,  SQRT,  SINH,  COSH,  TAHN, 

arcsinh,  arccosh,  arctanh  .  (The  four  operators  and  /  can  also  be  thought 
of  as  functions;  complex  number  versions  of  these  operators  are  also  included.)  In 
addition,  the  user  can  create  user-defined  FUNCTIONS  by  combining  previously 
defined  FUNCTIONS  and  VARs.  For  example,  one  might  define  power  as 

FUNCTION  POWER  {  X  N  )  -  X  A  N  END 

A  FUNCTION  can  have  any  number  of  input  variable  and  any  number  of  output 
variables.  Of  course,  a  FUNCTION  with  one  input  variable  and  one  output  result  is 
particularly  useful  since  it  can  be  displayed  as  an  XY-plot. 

A  table  of  x-y  pairs  of  numerical  data  can  also  be  used  to  define  a 
numerical  FUNCTION.  This  avoids  the  need  to  create  some  sort  of  analytic  curve  fit  to 
numerical  information.  One  can  simple  read  the  data  from  an  ASCII  text  file  and  thus 
create  a  named  FUNCTION  which  can  be  used  just  like  any  analytic  function. 

FUNCTIONS  and  VARs,  once  defined,  can  then  be  used  in  any  subsequent 
definitions  of  new  FUNCTIONS  and  VARs.  A  simple  example  of  how  one  would  define 
the  difference  of  exponentials  in  terms  of  FUNCTIONS  and  VARs  is  shown  below: 


Ede*  Ep  k0(e  ‘  P  a ' a  *]  Difference  of  Exponentials 


VAR  ALPHA  ;  4.76E8  TO  ALPHA 

VAR  BETA  ;  4E6  TO  BETA 

VAR  EP  ;  1E4  TO  EP 

VAR  KO  ■  1 .  )E  /  (  (  ALPHA  /  BETA  -  1 .  OE  )  * 

(  BETA  /  ALPHA  )  A  (  1.0E  /  (  1 .  OE  -  BETA  /  ALPHA  )  )  )  ; 


FUHC’JXON  FI  <  X  )  «  (  EXP  (  -1 .  OE  *  BETA  *  X  ) 

-  EXP  (  -1 .  OE  *  ALPHA  *  X  )  )  END 


FUNCTION  E_DE  (  T  )  »  KO  *  EP  *  FI  (  T  )  END 


The  Plot  Window 


The  Plot  Window  is  reproduced  in  Figure  1.  As  is  indicated,  it  consists  of 
the  Plot  Area,  the  Value  Box,  the  VAR  List,  the  FUNCTION  List,  and  the  PLOT  and 
OVERLAY  Buttons.  The  Plot  Area  is,  of  course,  where  plots  are  actually  drawn.  Linear 
or  log  scales  can  be  chosen  using  the  PARAMETERS  menu,  and  minimum  and 
maximum  values  of  the  scales  can  be  set  by  the  user.  The  curve  to  be  plotted  is 
chosen  from  the  Function  List  by  ’pointing'  with  the  mouse  to  the  FUNCTION  name  of 
interest  and  ’clicking"  the  mouse  button.  The  FUNCTION  List  contains  all  the  currently 
defined  FUNCTIONS;  the  list  will  scroll  using  the  scroll  bar  on  the  right  if  more 
functions  have  been  defined  than  can  fit  in  the  box.  Once  a  FUNCTION  name  is 
selected  (i.e.  hilighted  in  black),  that  FUNCTION  can  be  plotted  on  a  new  graph  by 
'pressing'  the  PLOT  button  below  the  FUNCTION  List,  or  it  can  be  overlayed  on  the 
existing  plot  with  the  OVERLAY  button. 


Similarly,  names  of  all  the  current  VARs  are  shown  in  the  VAR  List  box. 
When  a  VAR  is  selected  by  pointing  with  the  mouse  and  clicking,  the  value  of  that  VAR 
appears  in  the  VALUE  Box  directly  above  the  VAR  List.  The  value  of  the  selected  VAR 
can  then  be  changed  by  clicking  in  the  VALUE  Box  and  then  entering  a  new  number. 
[The  number  in  the  VALUE  Box  can  also  be  changed  by  factors  of  2  by  clicking  the  up 
or  down  arrows  directly  to  the  right  of  the  box.]  Note  that  whenever  a  new  value  is 
entered  into  the  VALUE  Box,  all  VARs  below  the  currently  selected  VAR  are 


automatically  updated,  it  is  thus  Very  easy  to  do  a  parameter  Variation  study  by  simply 
plotting  a  FUNCTION,  selecting  the  VAR  parameter  of  interest,  changing  Its  value,  and 
then  pressing  the  OVERLAY  button.  That  is  how  the  series  of  curves  shown  in  Figure  1 
were  generated. 


Another  example  showing  the  use  of  the  PLOT  Window  is  shown  in  Figure 
2.  This  figure  shows  how  several  different  FUNCTIONS  can  be  compared  using 
different  types  of  scales.  The  PARAMETERS  menu  and  the  dialog  box  for  setting  graph 
parameters  are  also  illustrated. 


An  Example  of  a  MathPlot  Model 

As  an  example  of  the  kind  of  models  one  can  build  with  MathPlot,  consider 
the  issue  of  the  currents  induced  on  a  cylinder  by  an  incident  electromagnetic 


transient.  One  first  describes  the  incident  EM  waveform  using  a  difference  of 
exponentials.  Parameters  include  the  peak  value,  rise  time,  and  decay  time  of  the 
waveform,  as  indicated  in  the  equations  below  and  shown  graphically  in  Figure  3. 
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The  step-function  response  of  a  cylinder  is  then  represented  by  the 
expressions  below  (also  shown  in  Figure  4),  where  the  resonant  frequency  and  decay 
time  of  the  fundamental  mode  depend  on  the  cylinder  dimensions.  [For  those 
interested,  the  formulas  given  here  are  curve  fits  to  numerical  data  from  a 
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Now,  these  step-function  response  formulas  can  be  convolved  with  the 
expressions  for  the  incident  field  to  give  the  expressions  for  the  cylinder  current  for  a 
double  exponential  incident  pulse.  In  this  case,  one  can  obtain  an  analytic  formula  for 
the  axial  current  on  the  cylinder,  but  the  expressions  (shown  below)  are  complicated 
and  it  is  far  from  obvious  how  a  change  in  incident  field  risetime  or  cylinder  length 
would  change  the  final  current. 
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With  MathPlot,  however,  it  is  relatively  easy  to  see  how  parameter 
variations  change  the  response  functions.  Some  examples  are  shown  in  Figure  4.  The 
plot  window  on  the  left  shows  the  set  of  curves  generated  by  changing  the  risetime 
variable  ALPHA  by  factors  of  4,  while  the  plot  window  on  the  right  shows  the 
corresponding  effect  on  the  axial  current  on  the  cylinder.  Such  parameter  variation 
studies  take  only  a  few  minutes  to  carry  out  once  the  model  has  been  created  and 
entered  into  the  program. 


Summary 

MathPlot  is  an  experiment  in  trying  to  develop  a  specialized  computer 
language  and  graphics  system  which  lets  the  scientist  or  engineer  concentrate  on 
building  mathomatj^aj  rnodsis  rather  than  getting  too  involved  In  the  details  of 
computer  programming.  The  program  is  still  "under  construction"  with  many  desirable 
features  not  yet  implemented  (e.g.  a  3-D  or  contouring  plotting  package  to  display 
functions  of  two  input  variables).  Even  in  its  present  state,  however,  it  has  been  quite 
useful  for  examining  the  how  parameters  affect  the  various  functions  in  fairly  simple 
sets  of  equations. 

Anyone  interested  in  obtaining  a  copy  of  the  MathPlot  program  should 
contact  the  author. 
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The  operation  of  the  program  VMA-P  is  described,  which  displays  and 
plots  the  vector  field  data  in  an  interactive  manner.  Any  vector 
field,  such  as  electric,  magnetic,  current  density,  etc.,  specified 
at  the  number  of  equidistant  points,  can  be  mapped  in  terms  of 
smooth  field  lines.  Even  a  small  number  of  input  data  points  can 
produce  a  realistic  appearance  of  the  interpolated  field  lines. 


Introduction 

Plotting  of  scalar  fields  is  accomplished  with  the  so-called  "contour 
plot"  programs  [1],  which  are  commercially  available.  This  paper 
describes  a  PC  based  program  for  plotting  the  vector  fields.  The 
program  constructs  the  field  lines  for  general  vector  fields, 
irrespective  of  the  fact  whether  the  field  in  question  can  be  described 
in  terms  of  the  scalar  potential  or  not. 

The  principle  of  operation  has  been  described  in  [2,  3].  Basically,  the 
procedure  consists  of  incrementing  the  field  line  in  small  steps,  which 
is  reminiscent  of  a  second-order  Runge-Kutta  solution  of  the 
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program  for  the  numerical  solution  of  the  vector  field  values  from  the 
program  which  generates  the  field  plots.  The  field  evaluation  program 
is  required  to  create  a  file  of  vector  field  components  at  a  set  of 
equidistant  points.  This  computation  is  usually  performed  on  a 
mainframe  computer,  although  in  some  simple  cases  these  data  may  also  be 
generated  by  a  personal  computer. 


The  convenience  of  the  program  VMAP  is  that  the  operations  which  require 
an  interactive  mode  (like  selecting  the  position  and  density  of  field 
lines,  drawing  the  outlines,  etc.)  are  performed  on  a  PC,  which  is  under 
the  total  control  of  the  user.  The  results  of  each  command  are 
instantly  displayed  on  the  screen,  or  plotted  on  an  x-y  plotter. 


Input  data  flies 


Program  VMAP  has  been  developed  for  the  DOS  of  IBM  PC  or  compatibles . 
In  order  to  increase  the  speed  of  execution,  the  program  is  compiled  in 
Turbo  Basic  [4].  The  input  data  must  be  stored  on  a  diskette.  Each 
point  in  the  equidistant  grid  must  contain  the  horizontal  and  the 
vertical  component  of  the  vector  field  in  question.  The  first  data  line 
specifies  the  size  of  the  illustration,  the  number  of  horizontal  and 
vertical  divisions,  the  position  of  singular  points  (if  any  exist),  and 
it  also  specifies  whether  there  will  be  any  comments  at  the  end  of  the 
file. 

When  the  program  is  executed,  the  data  files  are  normalized  to  the 
largest  field  amplitude,  and  stored  in  an  integer  array,  allowing  up  to 
100  by  100  data  points. 

As  an  example,  consider  the  electric  field  of  the  TEj^  mode  in  the 
square  waveguide,  with  sides  1  m  by  1  m.  The  data  file  for  a  grid  of  4 
by  4  points  is  given  in  Table.  X, 

TABLE  1 

Electric  field  of  the  TEn  mode 


4  4 

0 

0 

0 

-.86603 

0 

-.86603 

0 

0 

.86603 

0 

.43301 

-.43301 

-.43301 

-.43301 

-.86603 

0 

.86603 

0 

.43301 

.43301 

-.43301 

.43301 

-.86603 

0 

0 

0 

0 

.86603 

0 

.86603 

0 

0 

The  first  line  specifies  that  there  are  4  rows  and  4  columns  of  data 
points,  the  total  size  of  the  Illustration  is  1  by  1  (arbitrary  units), 
there  are  no  singularities  and  no  comments.  Afterwards,  we  have  16 
lines  containing  the  horizontal  and  the  vertical  components  of  the 
■'rector  field  to  be  plotted.  They  are  entered  starting  with  the  left 
lower  corner  of  the  illustration. 


Interactive  display 

The  user  selects  the  mode  of  operation  with  the  menu  shown  in  Fig.  1. 
The  first  step  la  to  read  the  data  from  the  diskette.  As  a  next  step  in 


creating  the  field  plot,  the  user  selects  the  F3  key,  which  enables  the 
selection  of  "flux  intercept  lines"  [3].  The  interactive  display  will 
appear,  which  is  shown  in  Fig.  2.  In  this  display,  the  input  data  are 
graphically  displayed  in  the  form  of  arrows .  This  gives  the  user  a 
feeling  of  the  shape  of  the  field,  so  that  he  can  decide  where  to  put 
the  intercept  lines. 

In  this  example,  one  places  the  first  intercept  line  along  one  of  the 
waveguide  walls.  For  instance,  the  user  may  select  the  left-hand  wall 
as  the  first  intercept  line.  This  is  done  conveniently  by  moving  the 
red  dot  with  the  cursor  keys,  and  pressing  <s>  for  start  and  <f>  for 
finish.  If  the  cursor  steps  are  too  large  or  too  small,  they  may  be 
changed  by  using  the  keys  <i>  for  increase  or  <d>  for  decrease. 

After  selecting  the  intercept  line,  the  user  presses  <g>  for  graphing. 
The  program  reacts  by  asking  for  the  desired  number  of  field  lines  which 
should  be  crossing  this  intercept  line.  Figure  3  shows  the  electric 
field  lines  constructed  from  the  data  shown  in  Table  1,  by  requesting  4 
field  lines  crossing  the  intercept  line.  It  is  seen  that  only  one  half 
of  the  field  pattern  is  obtained  in  this  way.  To  map  all  the  electric 
field  lines  of  this  mode,  another  flux  intercept  line  must  be  placed 
along  the  right-hand  waveguide  wall.  Up  tc  20  additional  flux  intercept 
lines  may  be  accommodated  by  the  program. 


Hard  conv 

The  resolution  of  the  ordinary  PC  graphics  monitor  is  only  200  pixels  in 
the  vertical  direction,  which  allows  only  a  crude  display  of  the  vector 
fields.  However,  the  program  VMAP  is  designed  to  drive  an  x-y  plotter, 
which  has  a  resolution  of  0.025  mm  (HP  7475A  or  equivalent).  Thus,  the 
quality  of  the  final  copy  of  the  field  depends  only  on  the  step  size  of 
constructing  the  field  lines,  and  on  the  state  of  the  plotting  pen. 

The  standard  step  siz-e  is  1/80  of  the  di  flgons.1  of  total 
illustration,  or  1/3  of  the  grid  size,  whichever  is  smaller.  This  step 
size  is  selected  as  a  compromise  between  the  speed  of  plotting  and  the 
quality  of  the  field  lines  obtained  in  this  way.  The  user  may  increase 
or  decrease  the  step  size  through  the  menu  commands.  He  can  also  plot 
the  illustration  over  the  entire  page  of  the  paper,  or  select  the 
margins  so  that  the  illustration  falls  on  a  particlar  portion  of  the 
paper . 

Figure  4  shows  the  TE;q  electric  field  pattern  plotted  by  an  x-y 
plotter,  constructed  by  using  the  data  from  Table  1.  The  field  lines 
are  remarkably  rmooth,  considering  that  the  entire  area  of  the 
illustration  is  described  by  only  16  data  points. 

When  the  x-y  plotter  is  not  available,  or  when  the  plotter  is  available 
but  the  pens  are  all  dried  out,  a  hard  copy  of  a  lesser  quality  can  be 
mado  on  a  dot  matrix  printer.  Figure  5  is  a  plot  of  the  TEqi  mode 
magnetic  field  in  the  circular  cylindrical  cavity,  obtained  by  the  PrtSc 
command  on  a  dot  matrix  printer.  The  left-hand  border  of  the  figure  is 
the  axis  of  rotation,  so  that  only  one  half  of  the  total  cavity  cross 
section  is  visible. 


Availability 

VMAF  will  work  on  IBM  PC,  XT,  AT  or  compatibles,  with  256  k  or  more 
storage.  The  mathematical  coprocessor  is  desirable  for  the  speed  of 
execution,  but  not  required.  The  color  monitor  is  convenient,  but  the 
monochromatic  monitor  will  also  work.  The  x-y  plotter  may  be  HP7470  or 
HP7475A,  or  compatible. 

To  obtain  a  copy  of  the  diskette  with  the  compiled  version  of  VMAF, 
please  include  a  check  for  $25  and  write  a  letter  on  the  stationery  of 
your  institution  or  company  to: 

Department  of  Electrical  Engineering 
University  of  Mississippi 
University,  MS  38677 
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Fig,  2  Interactive  display  of  TEj^  mode  in  a  square  waveguide 
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Fig.  4  TEjj  mode  In  a  square  waveguide,  electric  field  lines  using 
an  x-y  plotter 
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GEMACS  -  The  Present  and  the  Future 


Kenneth  R.  Siarkiewicz 
Rome  Air  Development  Center 
Griffiss  AFB,  NY  13441-5700 

The  General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems  (GEMACS)  is 
a  general-purpose  computerized  electromagnetic  fields  analysis  tool  in  wide  use  through¬ 
out  the  Air  Force  and  its  contractor  community.  It  has  evolved  from  simply  providing 
an  estimate  of  the  electromagnetic  coupling  between  pairs  of  antennas  to  being  capable 
of  system  analysis,  including  consideration  of  both  the  interior  and  exterior  regions  of  a 
structure,  coupling  the  two  by  modeling  the  arbitrary  apertures  in  the  structure  skin. 


The  computer  program  has  gone  through  three  major  modifications  since  it  was  first 
released  in  1977,  as  shown  in  figure  1.  It  can  be  seen  from  the  figure  that  GEMACS 
has  generally  taken  advantage  of  existing  technology  and  its  computer  implementation,  at 
times  incorporating  whole  sections  of  existing  computer  programs  that  had  been 
previously  developed  under  government  contract.  The  generally  unique  features  include 
the  Banded  Matrix  Iteration  (BMI)  technique  to  speed  up  the  solution  of  the  matrix 
equation,  the  overhead  structure  including  the  file  handling  and  input  language  pro¬ 
cessing  schemes,  the  use  of  Kron’s  finite  difference  diakoptic  method  and  Householder’s 
method  of  modified  matrices  in  the  development  of  the  finite  difference  (frequency 
domain)  formulation,  and  the  hybridization  scheme  that  connects  the  MOM,  GTD,  and 
FD  formulations.  It  should  also  be  noted  that  the  computer  program  is  highly 
transportable,  being  written  in  ANSI  standard  FORTRAN  (1977),  with  all  system- 
dependent  routines,  such  as  date  and  time  and  elapsed  processor  time,  all  clearly 
identified  for  installation  ease. 
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Figure  1.  Development  of  the  GEMACS  Computer  Program. 


GEMACS  exists  in  the  form  that  it  does  for  a  number  of  philosophical  reasons  decided 
upon  in  1972.  It  was  determined  that  the  primary  users  of  this  tool  would  be  govern¬ 
ment  contractors,  rather  than  a  limited  number  of  government  agencies.  This  decision 
required  high  transportability.  It  also  required  a  more  cumbersome  overhead  structure  to 
accommodate  the  installation  of  the  program  on  an  arbitrary  host  machine.  The  growth 
and  diffusion  of  this  computer  program  attest  to  the  robustness  of  its  original  design. 

In  addition,  since  it  would  be  required  to  solve  a  wide  range  of  geometries  in  an  equally 
wide  range  of  scenarios,  and  do  so  across  a  broad  range  of  frequencies  from  HF  to 
microwave,  the  program  would  need  to  incorporate  more  than  one  computational 
electromagnetic  field  analysis  technique.  This  required  that  a  high  degree  of  flexibility 
be  designed  into  the  overhead  structure  to  allow  the  data  to  flow  in  the  proper  format 
among  the  various  formulations  incorporated  within  the  code. 

It  is  the  success  in  achieving  the  original  design  goals  that  has  enabled  GEMACS  to  grow 
in  capability  and  expand  its  sphere  of  analyzable  problem  types  and  observables. 

At  the  present  time  there  are  several  generic  problem  types  to  which  GEMACS  has  been 
put.  These  include  antenna  analysis  (both  in  isolation  and  in  the  presence  of  a  given 
environment),  coupling  between  pairs  of  antennas  collocated  on  a  complex  platform,  the 
susceptibility  and  vulnerability  of  weapons  systems  when  subjected  to  a  given 
electromagnetic  environment,  the  effect  of  dielectrics  as  opposed  to  metal  on  the 
shielding  and  performance  of  a  given  system  in  the  presence  of  electromagnetic 
irradiation,  the  electromagnetic  scattering  (both  monostatic  and  bistatic)  of  a  structure, 
and  the  characterization  of  measurement  setups  designed  to  quantify  electromagnetic 
phenomena  associated  with  a  given  structure. 

Figure  2  shows  the  various  antenna  types  and  the  GEMACS  solution  techniques  that 
could  be  used  when  these  antennas  are  studied  in  a  free  space  environment.  The 
parameters  of  interest  that  could  be  computed  include  bandwidth,  center  frequency, 
directivity,  ellipticity,  efficiency,  gain,  input  impedance,  patterns  (both  near  and  far 
field),  and  polarization.  Many  of  these  observables  are  not  automatically  calculated  and 
output  by  GEMACS,  but  the  computer  program  does  provide  the  needed  data  to  perform 
the  off-line  calculation  of  the  quantity. 

These  basic  antenna  types  can  also  be  modeled  in  siiu  in  order  to  determine  their 
operational  characteristics  in  the  presence  of  a  complex  conducting  obstacle.  It  is  here 
that  the  power  of  the  hybrid  methodology  comes  to  the  fore.  It  is  generally  true  that 
the  radiating  or  receiving  element  is  small  compared  to  a  wavelength  (resonant  at  best) 
and  the  platform  is  large  compared  to  a  wavelength.  In  this  situation  the  user  of 
GEMACS  can  model  the  antenna  using  MOM  elements  and  the  platform  using  GTD 
elements.  A  typical  example  of  this  would  be  the  analysis  of  a  blade  antenna  located  on 
the  surface  of  a  B-52  aircraft. 

The  initial  application  of  GEMACS  at  RADC  was  the  determination  of  the  electromag¬ 
netic  compatibility  (EMC)  posture  of  a  subset  of  a  given  system.  The  primary  goal  is  to 
calculate  the  amount  of  electromagnetic  coupling  that  exists  between  pairs  of  antennas 
on  a  structure,  and  determine  whether  or  not  excessive  interference  is  present  at  the 
terminals  of  the  victim  antenna.  This  has  been  easily  extended  to  an  analysis  in  which 
more  than  one  transmitting  antenna  is  present  and  the  effect  of  all  radiators  on  one 
receptor  is  the  issue.  GEMACS  does  directly  provide  a  measure  of  the  power  delivered 
to  a  specified  load  connected  to  an  antenna.  One  further  extension  of  this  concept 


would  be  to  calculate  the  open  circuit  voltage  and  short  circuit  current  and  then  off-line 
calculate  the  power  delivered  to  any  arbitrary  load. 
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Figure  2.  Antenna  Types  and  GEMACS  Solution  Techniques. 


Several  other  applications  flow  from  these  basic  uses  to  which  GEMACS  was  applied. 
Many  of  the  antennas  that  can  be  analyzed  include  reflectors  or  top  hats  or  some  other 
focusing  device.  These  can  be  considered  to  be  scatterers  of  the  incident  energy  from 
the  source  element.  Thus,  GEMACS  is  capable  of  determining  the  electromagnetic 
scattering  from  any  structure  that  can  be  properly  modeled.  The  electric  field  data 
output  by  GEMACS  can  be  used  in  off-line  calculations  to  analyze  the  monostatic  and 
bistatic  radar  cross  section  of  the  structure.  Moreover,  since  GFMACS  is  capable  of 
near-field  as  well  as  far-field  calculations,  it  can  be  used  in  the  correlation  of  far-field 
calculations  from  near-field  data.  Compact  ranges  can  thus  be  “calibrated"  to  provide  a 
measure  of  the  error  introduced  by  the  measurement  environment.  More  will  be  said 
about  this  later. 


Since  the  ecL'-lation  of  the  scattered  energy  using  MOM  presupposes  knowledge  of  the 
current  distribution  on  the  surface  of  the  structure,  the  analyst  can  find  the  location  of 
“hot”  spots  on  the  platform.  Knowledge  of  these  areas  can  provide  information  to  the 
design  and  system  engineers  such  that  they  will  avoid  placing  apertures  and  antennas  for 
sensitive  receivers  in  such  areas. 

The  ability  to  calculate  scattered  energy  enables  an  analyst  to  also  model  test  facilities 
and  measurement  setups  and  their  equipment  to  determine  extraneous  sources  of  electro¬ 
magnetic  energy  which  can  color  the  results  of  the  measurement  program.  The  predicted 
magnitude  can  be  used  to  “calibrate”  open  antenna  test  ranges,  mounting  platforms  in 
anechoic  chambers,  compact  range  environments,  and  radar  cross  section  measurement 
ranges. 

Of  particular  importance  in  the  use  of  the  last  type  of  facility  is  the  determination  of 
the  “glint,”  the  apparent  instantaneous  angular  displacement  of  the  RCS  center  of  a 
target  from  the  actual  position  of  that  target.  Since  this  results  from  the  variation  in 
phase  of  radar  signal  scattered  by  separate  scattering  sources  on  a  target,  and  since  the 
target  consists  not  only  of  the  object  of  interest  but  the  mounting  structure  and  the 
physical  environment  as  well,  the  output  from  a  GEMACS  analysis  of  the  measurement 
setup  with  the  object  in  place  can  be  useful  to  eliminate  “spikes”  and  other  spurious 
data  from  the  patterns  obtained  by  the  measurement. 

Alternate  methods  to  reduce  the  scattering  from  an  object  can  be  studied  now  that 
GEMACS  can  take  into  account  the  conductivity  and  permittivity  of  the  material  of 
which  the  object  is  constructed.  Although  this  is  a  brute-force  calculation  in  the  sense 
that  the  interior  region  FD  formulation  is  used  to  study  a  portion  of  the  external 
problem  and  thus  is  not  the  most  efficient  way  to  approach  the  problem,  at  least  the 
user  does  have  a  tool  with  which  the  problem  can  be  approached  and  studied. 

Finally,  with  the  addition  of  the  FD  formulation  the  user  of  GEMACS  can  now  evaluate 
interior  responses  to  external  electromagnetic  stimuli.  That  is,  given  a  specific  set  of 
incident  electromagnetic  waves  one  can  calculate  as  a  total  interior/exterior  problem 
space  the  current  induced  in  any  wires  and  cables  inside  the  structure.  This  has 
application  to  the  study  of  high  power  microwave  (HPM)  phenomena.to  the  deter¬ 
mination  of  the  susceptibility  and  vulnerability  of  the  system  to  any  electromagnetic 
threat,  and  to  the  analysis  of  the  effectiveness  of  proposed  fixes  for  the  elimination  of 
unintentional  ports  of  entry  on  the  vehicle.  Since  this  capability  allows  one  to  calculate 
the  electromagnetic  fields  set  up  within  the  structure,  a  system  designer  can  locate  wires 
and  equipments  in  regions  of  low  electromagnetic  field  intensity,  thereby  designing  in  an 
assurance  that  the  system  as  a  whole  will  have  a  minimum  susceptibility  level. 

These  and  other  applications  are  described  in  detail  in  a  soon  to  be  distributed  RADC 
technical  report  entitled  GEMACS  Source  Book,  developed  under  contract  by  Advanced 
Electromagnetics  in  Albuquerque,  NM,  This  is  a  rather  extensive  document  that  covers 
a  broad  range  of  topics  associated  with  the  area  of  computational  electromagnetics, 
including  both  the  theoretical  aspects  of  the  MOM,  GTD,  and,  FD  formulations,  as  well 
as  the  hybridization  schemes  tying  these  techniques  together.  Many  examples  are 
described,  set  up,  and  have  their  results  shown.  While  the  document  itself  uses 
GEMACS  as  the  base  computer  code,  it  does  have  much  usefulness  for  anyone  versed  in 
electromagnetics,  but  recently  introduced  to  the  field  of  computer-aided  electromagnetic 
fields  analysis.  A  summary  of  the  report’s  contents  is  shown  in  figure  3. 
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Figure  3.  The  Four  Layers  of  the  GEMACS  Source  Book. 

As  powerful  as  it  now  is,  there  are  numerous  areas  in  which  GEMACS  could  be 
Improved.  The  GTD  formulation  as  implemented  in  the  code  is  one  of  those  areas. 
This  formulation  is  based  on  the  work  accomplished  by  Ohio  State  University  (OSU)  in 
197S-80  and  implemented  in  their  first  version  of  the  Basic  Scattering  Code  (BSC-I). 
There  ere  several  deficiencies  that  are  being  addressee  in  a  current  RADC  contract  with 
Advanced  Electromagnetics.  These  are  shown  in  figure  4.  First,  the  modeling  elements 
(plates,  cylinders,  and  end  caps)  are  ail  assumed  to  be  perfectly  conducting.  The  new 
version  of  GEMaCS  will  allow  the  user  the  opportunity  to  arbitrarily  locate  o"  an 
element  arbit.arily  shaped  patches  of  material  with  arbitrary  values  of  conductivity  ani 
permittivity.  More  than  one  such  patch  may  be  located  on  the  same  element  ar  1  such 
patches  may  also  share  a  common  boundary. 


EXISTING  LIMITATIONS 


PERFECTLY  CONDUCTING  MODELING  ELEMENTS 
SINGLE  CYLINDER,  RIGIDLY  ORIENTED 
WIRE  ATTACHMENT  TOCYLINDER  AND  END  CAPS 
INTERACTION  LIMITATIONS 


f  igure  4.  Limitations  Existing  in  GEMACS  4.0. 

Secondly,  at  the  present  time  only  one  cylinder  and  its  two  end  caps  are  available  with 
which  the  user  can  model  the  structure.  Furthermore,  the  cylinder  must  be  entered  in  its 
own  coordinate  system  arid  may  be  aligned  only  along  the  i-axis  of  that  system.  This 
seriously  limits  the  flexibility  of  the  user  in  being  abie  to  input  the  data  to  model  the 
structure.  The  present  work  will  allow  for  ten  cylinders  and  twenty  end  caps  (limits  set 
by  array  sices  and  therefore  also  oariable).  The  cylinders  will  be  able  to  be  located 
arbitrarily  in  any  previously  defined  coordinate  system  and  will  not  need  to  be  in  any 
preconceived  geometrical  relationship  with  each  other.  It  may  even  be  possible  for  the 
cylinders  to  intersect  each  other  in  almost  any  manner. 


Third,  while  the  geometry  routines  of  the  present  version  of  GEMACS  do  allow  the  user 
to  attach  z  wire  to  the  cylinder,  the  physics  aie  not  implemented  to  assure  continuity  of 
current  between  the  wire  and  the  cylinder  at  the  point  at  which  tie  wire  is  attached. 


GEMACS  now  treats  that  end  of  the  wire  as  if  it  were  unconnected  to  anything  (a  free 
space  condition).  The  present  work  will  implement  the  physics  to  provide  a  path  of 
current  flow  into  the  cylinder.  There  may  be  a  limitation  on  this,  requiting  large  radii 
of  curvature  for  good  engineeiing  approximation.  However,  this  may  not  be  a  serious 
situation  since  one  assumes  that  one  is  wet  king  with  an  electrically  large  object  when 
one  is  using  the  GTD  analysis  technique. 

Finally,  the  existing  version  of  GEMACS  hosts  a  very  limited  set  of  interactions  among 
the  var'ous  modeling  elements.  These  include  the  usual  repeitoire  of  reflection  and 
diffraction  from  single  surfaces  and  edges  along  wit!,  a  number  of  double  interactions 
(i.e.,  reflection/diffraction,  diffraction/reflection,  reflecc:on/re!Tiection),  A  summary  of 
what  is  available  and  what  is  planned  for  inclusion  in  a  future  release  of  GEMACS  is 
shown  in  figures  5,  6,  and  7. 
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Figure  5.  Second  Order  Plate  GTD  Interactions  for  GEMACS  5. 
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Figure  6.  Second  Order  Plate-Cylirder  GTD  Interactions  for  GEMACS  5. 

Work  has  progressed  well  in  achieving  the  objectives  of  the  contract.  One  highly 
significant  feature  from  the  standpoint  of  implementation  of  theory  in  computei  code  is 


the  fact  that  even  though  neaiiy  70  interactions  will  be  available  for  analysis,  tho 
amount  of  computer  program  lines  will  in  all  likelihood  be  reduced  from  the  present 
amount.  This  is  due  to  the  fact  that  an  iterative  step  process  will  be  used  to  calculate 
the  field  at  a  point  due  to  a  source  at  an  arbitrary  point.  Starting  with  die  source  point 
and  magnitude,  first  calculate  the  propagation  loss  to  an  interaction  point.  Then 
calculate  the  interaction  loss  at  that  point.  This  is  followed  by  the  calculation  cf  the 
next  propagation  loss  to  the  second  interaction  point,  the  second  interaction  loss,  and  the 
final  propagation  loss  to  the  field  point  from  the  second  interaction  point.  This  is  an 
alternative  to  the  present  method  of  determining  the  path  from  source  to  field  point  and 
then  calculating  the  total  path  loss  in  one  subroutine  specifically  addressing  the 
combination  of  phenomena  associated  with  that  overall  path.  It  also  follows  that  one 
could  continue  to  concatenate  other  interaction  points  and  propagation  paths  to  any  level 
that  the  user  would  want,  recognizing  the  law  of  diminishing  returns  (calculation  time 
vs.  relative  magnitude  of  higher  level  interaction  sets). 
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Figure  7.  Cylinder-Cylinder  GTD  Interactions  for  GEMACS  5. 


Secondly,  it  has  been  determined  with  a  fair  degree  of  certainty  that  all  of  the  theory  to 
accomplish  the  objectives  of  the  contract  is  available.  The  varying  number  of  physics 
and  geometiy  modeling  assumptions  make  it  uncertain  at  this  time  just  what  the 
accuracy  and  applicability  of  the  upgraded  computer  program  will  be.  For  example, 
patches  of  lossy  dielectrics  will  be  defined  by  stepped  values  of  relative  dielectric 
constant  rather  than  smooth  curves.  Also,  layered  dielectrics  will  be  represented  by 
equivalent  constituent  parameters,  which  in  turn  will  affect  the  surface  wave 
calculations. 


At  the  present  time  the  design  document  for  the  code  development  and  integration  is 
under  review.  Subroutine  hierarchy  trees,  common  block  structure,  data  flow  and 
availability  are  being  considered  in  great  detail  to  assure  the  smooth  and  complete 
integration  of  new  FORTRAN  with  that  already  in  place.  Code  development. 


integration,  and  preliminary  testing  are  expected  to  be  completed  by  September  1989. 
Further  testing  and  final  documentation  preparation  will  necessitate  that  the  fielding 
date  for  what  promises  to  be  version  5  of  GEMACS  occur  in  the  second  quarter  of 
calendar  year  1990. 

The  newest  addition  to  the  GEMACS  arsenal  is  a  set  of  graphical  aids  to  support  the 
electromagnetics  analyst.  The  Graphical  Aids  for  the  User  of  GEMACS  (GAUGE)  is  a 
PC-based  computer  program  that  eases  geometry  data  input  to  GEMACS  and  output  data 
formatting.  It  is  written  in  Microsoft  FORTRAN  (version  4.01)  and  PC  assembly 
language  for  screen  and  keyboard  drivers.  There  is  no  propriety  software  within  the 
computer  program,  and  it  is  anticipated  that  the  transportability  of  the  software  will  be 
as  great  as  that  for  the  GEMACS  code  itself.  Features  of  GAUGE  include: 

o  Screen  drivers  for  EGA  and  CGA 
o  Pen  plotter  HPGL  ha  id  copy  support 
o  In-line  documentation  of  the  source  code 
o  Extensive  hardcopy  documentation 
o  Automatic  generation  of  GEMACS  geometry  input  deck 
o  Augmented  by  input  translator 

-  Full  compatibility  with  existing  geometry  decks 

-  Conversion  of  NEC  decks  to  GEMACS  format 

-  Conversion  ot  BSC  decks  to  GEMACS  format 

-  Mixed  language  capability 

o  Multi-color  palette  for  data  screen  or  hardcopy 

K  iVUUU  UUVtll 

o  On-line  HELP  scrtens 


Minimum  system  requirements  are  an  IBM  PC  or  compatible  with  two  floppy  drives, 
640K  of  memory  and  a  CGA  monitor.  For  best  performance,  an  IBM  AT  or  compatible 
with  a  hard  disk,  640K  of  RAM,  an  80287  numerical  coprocessor,  and  an  EGA  card  is 
recommended,  The  code  itself  is  transferred  via  10  floppy  disks  in  source  language,  as 
well  as  executables  for  both  EGA  and  CGA  cards.  Greater  detail  regarding  capabilities 
and  coding  for  computational  electromagnetics  on  a  PC  are  given  in  “Graphical  Aids  for 
the  Users  of  GEMaCS  (GAUGE)”  by  Allen  Lockyer  and  Pravit  Tulyathan,  “Graphics 
Programming  for  Electromagnetic  Modeling”  by  Garth  Upshaw  and  Michael  J.  Grage, 
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Lockyer,  all  of  which  are  found  elsewhere  in  these  symposium  proceedings. 
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While  on  the  subject  of  computer  programs  and  the  PC  machines,  it  should  be  noted  that 
GEMACS  itself  is  available  on  floppy  disks  for  the  IBM-AT  compatibles.  Furthermore, 
this  is  a  full  version  of  GEMACS  4.0  with  capabilities  equaling  those  that  a:  3  available 
for  the  mainframe  computers,  including  both  the  interior  and  exterior  analysis  features. 
The  advantages  of  having  GEMACS  on  a  PC  are  numerous,  among  which  arc  quick 
turn-around  times  for  small  concept  studies,  greater  ease  and  opportunity  for  executing 
classified  studies,  and  ease  of  modification  and  update.  Further  detail  can  be  found  in  a 
companion  paper  “GEMACS  on  a  Personal  Computer”  by  Edgar  Coffey. 


As  is  apparent  from  these  developments,  GEMACS  is  a  continually  growing  analysis 
system.  Now  :eatures  are  being  added  to  increase  its  usability  and  versatility,  as  well  as 
provide  a  capability  for  studying  finer  details  with  more  precision.  Other  tools,  such  as 
the  Source  Book  ai.d  GAUGE,  make  approaching  and  using  GEMACS  easier  than  has 
ever  been  available  for  any  computational  electromagnetic  fields  analysis  tool. 


A  GEMACS  Source  Book 
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Kenneth  R.  Siarkiewicz 
Rome  Air  Development  Center 
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Introduction 

A  Source  Book  for  the  GEMACS  ( General  Electromagnetic  Model  for  the  Analysis  of 
Complex  Systems )  computer  code  has  been  written  to  aid  the  user  of  GEMACS  in  areas 
which  require  electromagnetic  analysis,  design,  and  measurement.  Over  800  pages  long, 
its  purpose  is  to  aid  in  the  transfer  of  “lessons  learned”  in  the  use  of  GEMACS  to  solve 
practical  problems,  a  tool  to  help  you  use  GEMACS  better.  It  is  definitely  not  a  treatise 
on  theoretical  clc^Iromagnetics  or  fundamental  numerical  techniques,  though  there  is 
material  on  these  subjects.  The  greater  bulk  of  material  concerns  “what"  GEMACS’ 
capabilities  are,  “how”  those  capabilities  can  be  tapped  to  solve  practical  problems,  and 
a  little  of  “why”  GEMACS  does  some  things  the  way  it  does.  Though  some  of  the 
material  is  very  specific  to  GEMACS  (o.g.,  multi-region  aperture  coupling),  many  of  the 
concepts  and  ideas  will  be  useful  to  users  cf  other  computer  programs. 

This  paper  delves  into  the  contents  of  the  Source  Look,  including  applications  and 
examples,  by  discussing  its  concept,  layout,  and  the  solution  of  some  of  the  examples 
container!  in  it.  It  is  hoped  that  readers  will  be  encouraged  to  submit  their  own 
contributions  to  the  authors  and  that  the  Source  Book  can  serve  as  a  vehicle  for 
interchanging  EM  modeling  ideas  and  “lessons  learned.” 

Source  Book  EM  Concepts 

The  first  major  section  of  the  Source  Book  is  devoted  to  a  description  of  the  GEMACS 
execution  and  geometry  commands,  GEMACS  concepts  an  1  the  thought  processes  one 
might  go  through  in  setting  up  a  typical  electromagneti*  problem  with  GEMACS. 
Figure  1  shows  a  communications  hut  with  roof-mounted  antennas  for  which  eight  (8j 
different  electromagnetic  problems  have  been  formulated. 

1.  Antenna  Design  and  Performance 

2.  Antenna  Siting 

3.  Antenna-to-Antenna  Coupling 

4.  Intrasystem.  Interference 

5.  Radiation  Hazard 

6.  Emissions  from  Structure 

7.  Vulnerability  to  Electromagnetic  Threats 

8.  Interior  Coupling 

For  each  problem  category,  the  major  electromagnetic  issues  are  identified  arid  possible 
solution  approaches  discussed.  Then,  a  skeleton  outline  of  a  GEMACS  input  to  solve  the 
problem  is  given.  Each  command  line  is  cross  referenced  to  a  Source  Book  section 
which  more  fully  explains  the  command  syntax  and  function. 


This  work  was  sponsored  by  Rome  Air  Development  Center,  RADC/RBCT,  Griffiss  Air 
Force  Ease,  NY  under  contract  F3Q602-86-C-0015. 


Figure  1.  Communications  Hut  with  Roof-Mounted  Antennas. 

Later  in  the  section,  the  concepts  discussed  for  the  eight  example  problems  are  distilled 
into  a  discussion  of  their  common  attributes.  These  include  (1)  problem  topology, 
(2)  structure  and  environment  (both  exterior  and  interior  regions),  (3)  the  interface  of 
multiple  regions  at  apertures,,  and  (4)  structure  modeling  guidelines.  All  subjects  have 
been  cross  referenced  into  the  various  section:;  of  the  Source  Book  in  which  the  concepts 
aifc  i^ore  thoroughly  discussed  and  have  been  illustrated  with  other  examples.  The 
section  ends  with  a  discussion  of  selecting  a  well-suited  solution  method  from  among  the 
seven  major  solution  approaches  offered  by  GEM  ACS. 

1 .  Method  of  Moments  (MOM)  with  Wires,  Patches,  or  Both 

2.  Method  of  Moments  Combined  with  Plane  or  Rotational  Symmetry 

3.  Method  of  Moments  Combined  with  Banded  Matrix  Iteration  (BMI) 

4.  Geometrical  Theory  of  Diffraction  (GTD)§ 

5.  A  MOM/GTD  Hybrid  Method 

6.  Finite  Differences  (FD)  in  the  Frequency  Domain 

7.  FD  hybrids  with  MOM  and  GYD 

Other  subsections  of  the  EM  Concepts  section  deal  with  hosting  GEMACS  or.  a 
computer  and  uescr 'prions  of  all  the  GEMACS  execution  and  geometry  commands.  The 
subsection  on  hostim,  GEMACS  gives  information  regarding  GEMACS’  structure  into  six 
(6)  modules,  GEMACS’  peripheral  file  system,  and  some  ideas  on  how  tu  interface 
GEMACS  with  other  computer  programs  (e,g.,  a  CAD/CAM  graphics  system).  The 
subsections  on  execution  and  geometry  commands  discuss  the  “ins  and  outs”  of  using  the 
commands,  though  information  in  the  GEMACS  User  Manual  is  not  repeated  here.  For 
instance,  it  is  shown  how  to  loop  over  frcqum-cy  in  both  linear  and  logarithmic  step.-, 
the  function  and  use  of  user-defined  symbolic  names,  and  how  to  change  the  physics 
interactions  midday  through  a  problem  to  achieve  gre?rt  lime  saving”,. 

-  I  , 

Source  Book  Techniques 

The  Source  Book  material  has  been  divided  into  concepts,  techniques,  applications,  and 
reference  mulerial,  with  the  vast  bulk  of  material  dealing  with  techniques  and 
applications.  There  arc  seven  techniques  implemented  in  GEMACS,  each  qf  which  is 
discussed  in  the  Source  Book : 


{The  uniform  theory  of  diffraction  is  included  in  this  category  even  though  the  “GTD” 
designation  is  used  throughout  the  paper. 


o  Method  of  Moments  (wires,  patches,  hybrids)  (MOM) 
o  Plane  and  Rotational  Symmetry 
o  Banded  Matrix  Iteration 

o  Geometrical  Theory  of  Diffraction  (GTD/UTD) 
o  A  MOM/GTD  Hybrid  Technique 
o  Frequency-Domain  Finite  Differences  (FD) 
o  Hybrids  of  MOM/GTD  and  FD  for  Aperture  Coupling  Problems 


The  overall  purpose  of  each  chapter  in  the  Techniques  section  is  to  give  the  reader  a 
better  understanding  of  the  basic  solution  techniques  in  GEMACS  version  4.  The  theory 
of  each  method  is  discussed,  not  by  page  after  page  of  complex  equations,  but  in  terms 
of  concepts  with  which  a  practicing  engineer  would  be  familiar.  Emphasis  is  placed  on 
transferring  the  “theoretical”  knowledge  into  an  undei  standing  of  how  to  implement  a 
particular  solution  technique  with  GEMACS  execution  commands  and  how  to  construct  « 
geometry  model  of  the  structure  for  that  solution  method.  Most  chapters  have  at  least 
one  worked  problem  showing  the  GEMACS  input  deck  and  the  actual  output  listings 
generated  by  the  GEMACS  modules. 


These  chapters  also  attempt  to  introduce  “thought  provoking”  ideas  which  a  reader  can 
develop  more  fully  on  his  own.  For  example,  when  one  thinks  of  modeling  a  surface 
with  a  thin-wire  mesh,  inevitably  one  draws  a  surface  with  square  or  rectangular 
meshes.  However,  it  is  shown  that  a  triangularly  shaped  mesh  (figure  2)  yields  the  same 
density  of  coverage  with  a  13%  savings  in  the  number  of  wire  segments.  This  could 
yield  a  matrix  fill  time  savings  of  28%  (i.e.,  1.13*  «  1.28)  and  a  matrix  solution  time 


fiuinfft  nf  AAUL  (\  £k  1  t  '2  3  _ 

uu  »  kti^si  v »  -*  w  r\i  |  i  .  J  ' 


AA\ 


Figure  2,  Triangular  Thin-Wire  Mesh  Generated  by  GEMACS. 


As  an  example  of  how  the  Source  Book  covers  a  particular  technique,  consider  the  topic 
of  Plane  and  Rotational  Symmetry.  First  the  plane  and  rotational  symmetry  concepts  are 
described  in  terms  of  everyday  phenomena,  followed  by  a  discussion  of  the  advantage?. 


and  disadvantages  of  using  symmetry  with  GEMACS.  Then,  the  reader  is  walked 
through  the  concepts  which  he  must  consider  if  he  desires  to  utilize  symmet  y.  Finally, 
three  complete  examples  using  plane  or  rotational  symmetry  are  described  and  solved 
with  GEMACS. 

The  results  of  the  examples  are  used  to  drive  hor  i  the  important  concepts  of  the 
section.  For  instance,  the  savings  in  computer  time  ..hat  can  be  achieved  with  various 
orders  of  symmetry  is  illustrated  by  running  a  symmetric  cylinder  problem  with  several 
degrees  of  symmetry.  Results  such  as  those  shown  in  figure  3  make  clear  that  symmetry 
can  give  great  time  savings  up  to  the  point  that  the  overhead  in  utilizing  symmetry 
overtakes  the  time  saved  in  the  physics  and  mathematics. 


Figure  3.  Time  Savings  Achieved  Using  Rotational  Symmetry  with  a  MOM  Cylinder. 
Source  Book  Applications 

Seven  applications  topics  were  chosen  for  inclusion  in  :t?  initial  release  of  the  Source 
Book.  It  is  hoped  that  as  the  Source  Book  become-  used  by  the  EM  coimnunity  others 
will  contribute  new  topics  and  augment  the  present  ores  listed  be'c  -v. 

o  Antenna  Analysis 

o  In-Place  Antenna  Analysis  (Antennas  on  Structures) 
o  EMC/EMI  Antenna- to- Antenna  Coupling 
o  EM  System  Threats  (e.g.,  Aperture  Coupling) 
o  EM  Problems  with  Materials 
o  EM  Scatter 

o  Characterization  of  Measurement': 

The  Source  Book  application  chapters  focus  on  the  issues,  techniques,  and  solution 
methods  of  a  particular  topic  area.  For  instance,  the  antenna  analysis  chapter  defines 
the  standard  antenna  parameters  (e.g.,  impedance,  gain,  efficiency)  an.  relates  them  to 
GEMACS  outputs  (e.g.,  currents,  power  input,  peak  fi  Id  strength).  Altar nate  solution 
approaches  are  given  when  reasibi  •,  such  w  the  four  different  methods  of  modeling  a 
cavity -backed  spi-al  antenna  Numerous  examples  wt  given  in  each  chapter,  including 
GEMACS  inputs  and  result;,, 


Unusual  and  unique  approaches  to  problems  are  pointed  out,  too.  For  instance,  the 
GEMACS  checkpoint/restart  feature  is  used  to  find  the  effects  of  a  parabolic  dish  feed 
type  arid  placement  on  dish  field  patterns  for  several  feeds  with  just  one  MOM 
interaction  matrix  for  the  patch  model  of  the  dish  surface.  This  represented  a  60:1  time 
savings  on  the  second  and  subsequent  simulations.  The  interaction  matrix  is  computed 
and  factored  for  the  first  feed  type  and  position,  then  stored  in  the  GEMACS 
checkpoint  file.  Subsequent  feed  types  and  positions  are  studied  by  first  restarting 
GEMACS  using  the  previously  generated  checkpoint  file.  This  reads  back  into  the 
problem  the  factored  interaction  matrix.  A  new  excitation  is  defined  and  back 
substituted  to  generate  new  dish  currents. 

To  illustrate  the  content  of  a  Source  Book  application  area,  consider  the  Characterization 
of  Measurements  application  topic.  This  Source  Book  chapter  discusses  the  principal 
issues  on  an  outdoor  electromagnetic  measurement  range  (figure  4)  and  how  most  of 
them  can  be  modeled  with  GEMACS.  For  instance,  figure  5  shows  a  B-52  aircraft  on  a 
turntable  at  the  RADC/Stockbridge  range.  This  scenario  was  studied  with  GEMACS  to 
see  how  the  Stockbridge  results  compared  to  free  space  predictions  for  various  turntable 
heights  and  soil  conductivities  with  an  eye  towards  identifying  any  range-related  flaws 
which  could  corrupt  the  data  taken  from  the  B-52. 
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11.  TARGET-TO-SUPPORT  COUPLING 


Figure  4.  Outdoor  Test  Configuration  Showing  Principal  Sources  of  Measurement  Error. 

Not  all  range  examples  need  be  as  complex  to  illustrate  an  important  point.  One  of  the 
most  revealing  range  examples  in  the  chapter  is  a  clutter  fence  placement  study.  Clutter 
fences  are  used  to  break  up  ground  reflections  on  ranges  where  target  and  antenna 
heights  are  insufficient  to  keep  ground  clutter  to  a  minimum.  However,  the  price  paid 
for  having  no  ground  reflection  is  that  rays  will  diffract  from  the  edges  of  the  clutter 
fences  (figure  6),  creating  some  standing  waves  in  the  working  volume.  The  GEMACS 
study  in  the  chapter  shows  how  one  could  efficiently  simulate  various  fence  positions 
and  orientations  to  achieve  the  “best"  field  taper  in  the  working  volume.  In  the 
particular  example  given  in  the  Source  Book  the  SWR  in  the  working  volume  was 
reduced  from  greater  than  12  dB  (no  clutter  fences)  to  less  than  1,3  dB  (with  3  fences 
60  m  apart  and  tilted  60“  up  from  horizontal). 


Source  Book  Appendixes 


The  Source  Book  contains  appendixes  of  (1)  cross  reference  topics  and  (2)  customizing 
GEMACS  for  a  particular  computer.  Over  180  EM  topic  areas  are  cross  referenced  into 
nearly  2,000  Source  Book  sections  so  that  the  reader  may  find  all  discussions  on  a 
particular  topic  by  referring  to  this  appendix.  Cross  references  are  also  liberally 
sprinkled  throughout  the  Source  Book  so  that  the  reader  can  immediately  find  additional 
information  on  a  topic  about  which  he  is  reading. 

The  second  Source  Book  appendix  shows  how  the  GEMACS  program  can  be  customized 
to  any  host  computer  system  by  changing  its  array  sizes.  This  is  not  merely  a  “big  is 
better”  discussion  but  an  approach  for  optimizing  the  use  of  available  computer 
resources  for  the  types  of  problems  a  particular  user  is  most  likely  to  encounter.  For 
example,  MOM-only  problems  run  more  efficiently  the  more  that  storage  can  be 
allocated  to  the  matrix  factor  process  (GEMACS  SOLVE  command).  But  GTD-only 
problems  do  not  generate  an  interaction  matrix,  thus  freeing  storage  for  more  geometry 
elements  (plates,  cylinder,  end  caps).  This  appendix  shows  the  user  the  effects  of 
changing  the  array  sizes  on  all  GEMACS  solution  techniques  and  gives  clear  instructions 
as  to  exactly  what  changes  are  required  for  a  particular  situation. 
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Many  of  the  important  electromagnetic  (EM)  analyses  which  must  be  performed  on 
today’s  complex  military  systems  involve  the  calculation  of  coupling  through  breaks  in  a 
structure’s  outer  “skin”  onto  cables  and  equipment  inside  the  structure.  Computations 
are  also  frequently  performed  on  the  radiation  of  internal  signals  which  “leak”  out 
through  these  same  breaks  in  the  structure  surface.  In  either  case  the  coupling 
mechanisms  need  to  be  evaluated. 


The  popular  electromagnetic  techniques  in  use  today  (MOM,  GTD,  FD,  etc.)  have 
difficulty  working  an  exterior/interior  problem.  MOM  and  GTD  are  well-suited  for 
fields  analysis  external  io  dosed  surfaces  because  they  utilize  the  integral  form  of 
Maxwell’s  equations.  Finite  differences,  by  virtue  of  its  differential  equation  form,  is 
better  suited  for  interior  or  cavity  fields  analysis.  But  neither  category  of  physics  works 
particularly  well  outside  its  region  of  applicability. 


A  multiple  region  hybrid  solution  capability  has  been  implemented  in  version  4.0  of 
GEMACS  in  order  to  attack  problems  such  as  these.  A  complex  structure  is  divided  into 
a  number  of  separate  regions  ( e.g .,  an  exterior  and  several  interior  regions).  Areas 
between  adjacent  regions  which  permit  the  flow  of  EM  energy  are  called  “apertures,” 
and  may  be  thought  of  as  “holes”  in  otherwise  solid,  perfectly  conducting  surfaces. 
Basis  functions  are  defined  within  the  apertures,  and  each  problem  region  is  worked 
separately  from  the  others,  with  its  aperture  basis  functions  as  unknowns.  Since  the 
regions  have  been  separated,  the  exterior  can  be  worked  with  MOM  or  GTD,  while  the 
interior(s)  may  be  worked  with  FD.  This  method  has  been  given  the  name  “FD 
Hybrid.” 


This  paper  describes  the  physics  and  mathematics  of  working  multiple  region  aperture- 
coupled  problems.  Two  examples  will  be  used  to  illustrate  the  technique:  (1)  rectangular 
aperture  in  an  infinite  screen  and  (2)  waveguide  opening  onto  a  finite  ground  plane. 

Overview  of  the  Theory 

The  foundation  for  the  FD-hybrid  method  is  the  ability  to  divide  an  electromagnetic 
problem  into  several  regions  so  that  different  numerical  techniques  can  be  used  on 
different  parts  of  the  structure.  Perhaps  MOM  and  GTD  could  be  used  in  the  exterior 
and  FD  (or  finite  elements)  in  the  interior.  There  may  be  more  than  one  interior  region, 
as  shown  in  figure  1. 


This  work  was  sponsored  by  Rome  Air  Development  Center,  RADC/RBCT,  Griffiss  Air 
Force  Base,  NY  under  contracts  F3G6Q2-83-C-0183  and  F30602-86-C-0QI5. 


Figure  1.  Aperture  Coupling  Among  Five  Problem  Regions. 

A  region  can  be  thought  of  as  a  volume  almost  completely  enclosed  by  an  opaque 
boundary,  with  at  most  a  few  “holes”  cut  into  the  boundary  surface.  These  holes  are 
called  apertures,  and  it  is  only  through  the  apertures  that  electromagnetic  energy  can 
penetrate  into  a  region. 

The  basic  theory  of  the  FD-hybrid  method  comes  from  Mautz  and  Harrington  [1].  Basis 
functions  of  magnetic  current  are  defined  in  each  aperture  area  (figure  2).  These 
functions  then  interact  with  the  structure  from  which  an  interaction  matrix§  can  be 
computed  using  standard  MOM  or  MOM/GTD  techniques.  Likewise,  sources  in  a  region 
will  impinge  on  the  aperture  basis  functions  and  create  a  MOM-like  excitation  vector. 
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Figure  2.  Division  of  Aperture  Into  Basis  Functions. 


Mautz  and  Harrington  compute  interaction  matrices  on  either  side  of  the  aperture,  add 
them  together,  and  solve  the  resulting  set  of  simultaneous  equations  for  the  magnetic 
surface  current  (hence,  electric  field)  in  the  aperture.  Once  the  aperture  field  is  known, 
the  fields  anywhere  on  either  side  of  the  aperture  can  be  found. 

§The  units  of  an  aperture-to-aperture  matrix  element  is  admittance,  hence  the  term 
“interaction”  matrix  instead  of  “impedance”  matrix.  The  matrix  symbol  [Z.J  will  be 
retained,  however. 


This  approach  is  straightforward  to  implement  for  simple  problems  involving  only  a 
single  aperture  and  no  other  MOM  elements,  but  it  is  cumbersome  to  use  for  the  general 
case  such  as  the  one  shown  in  figure  1.  A  more  general  formulation  becomes  mathemat¬ 
ically  tedious  (beyond  the  scope  of  this  paper  to  present)  but  yields  an  elegant  numerical 
implementation.  Details  on  the  mathematics  may  be  found  in  [2]  and  [3]. 

Perhaps  the  clearest  way  to  explain  the  general  formulation  is  by  analogy  with  network 
theory.  The  interaction  matrix  and  excitation  vector  for  the  physics  in  each  problem 
region  can  be  thought  of  as  a  network  interaction  matrix  [Z]  and  excitation  vector  [V].§ 
In  figure  3  the  left-hand  network  represents  region  A ,  while  the  right-hand  network 
represents  region  B.  [2]  and  [V]  for  each  region  are  computed  with  the  networks 
disconnected  ( e.g .,  not  coupled).  The  common  network  nodes,  in  the  center  of  the 
figure,  represent  the  aperture  field  voltage  equivalent  [V^p].  The  electric  current 
flowing  into  the  region  A  network  is  lItoUl]A.  and  the  current  flowing  into  the  region  B 
network  is  (Pofllj]B,  the  negative  of  [Itot4.]x-  The  currents  represent  the  aperture 
magnetic  field  in  the  analogy.  The  network  nodes  not  joined  together  represent  non¬ 
aperture  unknowns  in  both  regions  ( e.g.t  wires,  patches). 
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Figure  3.  Network  Connection  Analog  to  the  Aperture  Problem. 


The  problem  in  figure  3  is  solved  for  [Vjy,]  and  in  each  region.  Once  these 

quantities  have  been  determined,  they  can  be  used  as  “stiff’  sources  to  drive  a  particular 
region.  This  lets  the  adjoining  region(s)  be  ignored,  as  the  “stiff’  sources  mask  out  their 
effects.  Hence,  to  find  wire  currents,  cavity  fields,  etc.  in  regions  A  and  B,  the  network 
analogy  in  figure  4  can  be  used. 


Figure  4.  Replacement  of  Aperture  Unknowns  with  “Stiff  Sources. 


By  following  the  network  analog,  the  solution  approach  becomes  obvious. 


§Note  that  while  the  symbols  [Z]  and  [V]  imply  units  of  ohms  and  volts,  the  actual  units 
of  [Z]  and  [V]  can  be  just  about  anything. 


1.  Disconnect  networks  A  and  B  i  y  shorting  the  common  terminals. 

2.  Find  [ZJ  and  [V]  for  each  of  the  disconnected  networks. 

3.  Enforce  known  boundary  conditions  at  the  nodes  not  associated  with  apertures  • 

4.  Reduce  [ZJ  and  [V]  for  each  region  to  just  the  common  nodes. 

5.  Connect  the  common  nodes  together  and  solve  for  voltage  and  current  at  the 
interface. 

6.  Use  the  interface  voltages  and  currents  as  “stiff’  sources  to  again  disconnect  the 
regions. 

7.  Solve  for  observables  of  interest  in  the  disconnected  regions. 

This  approach  is  not  limited  to  just  one  aperture  between  two  regions  or  to  a  classical 
layered  topology.  It  allows  a  layered  topology  to  any  depth,  multiple  apertures  on  any 
and  all  boundaries,  etc.,  as  shown  in  figure  1.  In  addition,  any  region  can  have  other 
unknowns  (wire  and  patch  currents)  as  manifested  by  the  unconnected  nodes  in  figure  3. 
.'inally,  the  method  is  not  dependent  on  how  the  physics  of  the  individual  regions  are 
transformed  into  a  numerical  equivalent.  The  only  constraint  is  that  there  must  be  field 
points  analogous  to  the  connected  nodes  in  figure  3.  Hence,  we  are  free  to  pose  cavity 
problems  with  finite  differences,  finite  elements,  unimoment  method,  etc.  while  at  the 
same  time  work  the  exterior  problem  with  MOM  or  MOM/GTD. 

Implementation  in  GEMACS 

The  solution  approach  described  above  has  been  implemented  into  GEMACS  version  4.0 
by  using  existing  execution  commands  for  generating  physics  quantities,  adding  a  new 
CONECT  command  to  join  together  multiple  regions,  and  using  existing  execution 
commands  to  factor  and  solve  the  matrices  generated  by  the  simultaneous  equations. 

What  lets  us  implement  so  powerful  a  method  with  so  few  changes  to  GEMACS  is  the 
introduction  of  the  aperture  basis  function  (following  the  approach  of  [1]).  Apertures 
are  short-circuit  mudeling  elements  (c/.  open-circuit  wire  segments),  so  the  problem 
regions  are  disconnected  automatically  (step  1  above). 

Apertures  can  be  thought  of  as  holes  cut  into  an  otherwise  solid  surface.  Hence,  the 
structure  model  for  a  multiple  region  problem  can  be  built  as  follows.  For  each  region 
of  the  problem: 

o  Build  what  would  be  a  solid  enclosing  boundary  (were  there  no  apertures)  from 
GTD  geometry  elements.  This  boundary  may  be  multiply  connected  ( e.g.t  a 
cavity  within  a  cavity. 

o  Add  conducting  and  dielectric  obstacles  within  the  boundary  using  modified  GTD 
geometry  elements. 

o  Model  cables,  hydraulics,  etc.  with  MOM  wire  elements. 

o  Cut  ort  the  aperture  ‘  hole”  by  adding  aperture  elements  to  the  boundary  where 
the  hole  should  be  cut. 

GEMACS  reads  and  processes  geometry  data  into  a  form  readable  by  the  physics  tasks 
with  the  GMDATA  command.  For  an  FD-hybrid  problem  there  will  be  as  many 
GMDATA  commands  as  there  are  multiple  regions.  Among  other  things  GMDATA 
sorts  the  basis  function  unknowns  so  that  wire  segments  appear  first  in  the  [ZJ  matrix, 
then  patches,  and  finally  aperture  elements.  By  sorting  the  geometry  with  GMDATA, 
GEMACS  can  easily  distinguish  between  the  connected  and  unconnected  nodes  in 
figure  3. 


The  physics  for  each  region  is  cast  into  numerical  form  (step  2)  with  a  number  of 
GEMACS  commands.  The  numerical  technique  to  be  used  in  a  particular  region  is 
selected  with  the  SETINT  command.  The  interaction  matrix  is  generated  by  the  ZGEN 
command.  Excitations  can  be  voltage  sources  (VSRC  command)  or  field  sources  (ESRC 
command),  and  near  and  far  fields  may  be  requested  with  the  EFIELD  command. 
Physics  commands  for  a  particular  region  are  grouped  together  in  the  GEMACS  input 
stream,  as  shown  below. 

SETINT  MOM  GTD  {SELECT  MOM  AND  GTD  PHYSICS 

GMOATA=CtITER  {READ  AND  PROCESS  GEOMETRY  DATA 

ZGEN  GHDATA*OUTER  ZMATRX*ZIJ  {GENERATE  [Z] 

SRC«VSRC(OUTER)  V*i.,0.  SEGS=47  JGENL?JITE  DO 

EPLAHE  *  EFIELOtOUTER)  P1*90.  T1=0.  OT*1.  T2=180.  {rIELD  PATTERN 

HPLANE  ■  EFIELD(OUTER)  T1=90.  P1=0.  DP*1.  P2*180.  {FIELD  PATTERN 

Steps  3-5  in  the  last  section  are  all  executed  with  a  single  GEMACS  command: 
CONECT.  The  CONECT  command  tells  GEMACS  which  apertures  in  which  problem 
regions  are  to  be  joined  together.  Suppose  apertures  1,  2,  and  3  in  region  OUTEk 
correspond  to  apertures  11,  12,  and  13  in  region  INNER.  Then  the  CONECT  command 
to  join  apertures  1-3  to  apertures  1 1  - 1 3  would  be 

CONECT  OUTERtAP  1-3)  TO  INNERtAP  11-13) 

and  would  appear  in  the  GEMACS  input  stream  after  all  »he  physics  commands.  What 
CONECT  does  is  to  fill  in  the  unknown  excitations  in  [V]  for  each  region  so  that  the 
problems  can  again  be  disconnected  (step  6).  The  mathematical  foundation  of  the 
connection  process  is  not  the  solution  of  simultaneous  equations  but  Householder’s 
method  of  modified  matrices.  Details  of  the  mathematics  may  be  found  in  [2]. 

Once  the  regions  have  all  been  connected  together  and  aperture  excitations  determined, 
any  remaining  observables  may  be  found  (step  7)  by  using  one  of  the  GEMACS  solution 
commands  (BMI  or  SOLVE).  For  example,  currents  in  region  OUTER  may  be  found 
with 


SOLVE  Z'J  *  i  =  SRC 
PRINT  I 

Example  1:  Aperture  in  an  Infinite  Screen 

Ju3t  about  the  simplest  two-region  problem  that  can  be  imagined  is  that  of  a  simple  slot 
cut  into  an  infinite  conducting  sheet  (figure  5).  It  is  this  problem  that  Mautz  and 
Harrington  use  to  illustrate  their  technique  [11.  The  slot  is  0.05A  x  0.5A  ancl  is  modeled 
by  nine  (9)  aperture  dements.  Since  each  aperture  element  has  two  tangential  com¬ 
ponents  of  magnetic  current,  a  total  of  18  unknowns  are  generated  in  each  region. 


Region  I  is  the  half  space  z  <  0,  while  region  II  i3  the  half  space  z  >  0  and  contains  the 
plane  wave  source.  The  geometry  data  for  each  region  are  identical,  as  listed  below. 
Note  that  the  “infinite”  screen  is  modeled  by  a  very  laige  (200m  x  200m)  GTD  plate. 


{- . 

*  CE0METHY  DATA  FOR  REGION  I  (Z  <  0) 

{ . 

PL  1  4  -100.  -100.  0. 

*  100.  -100.  0. 

*  100.  100.  0. 

*  -100.  100.  0. 

PT  1  -0.20  0.  0. 

XL  PT  1  8  0.05  0.  0. 

AP  1  PT  0.0025  0.  0.  Ptl  9  1  2  3  4  5  6  7  8 

END 
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Figure  5.  Slot  in  an  Infinite  Sheet. 


The  physics  commands  for  the  two  regions  are  different,  however.  Region  II  contains 
the  source,  which  models  a  pseudo-plane  wave  as  a  spherical  wave  far  from  the 
aperture.  The  incident  field  is  1  V/m.  In  addition,  scattered  fields  are  requested  in  the 
principal  planes.  The  physics  commands  are  shown  below  and  correspond  to  the  outline 
given  earlier.  Note  that  the  plate  reflection  (PR)  GTD  interaction  is  selected  with 
SETINT  to  turn  off  the  diffractions  from  the  plate  edges,  giving  the  effects  of  a  true 
infinite  screen.  The  excitation  of  region  I  (SRC!)  is  not  required  by  the  physics  (no 
sources  are  in  region  I)  but  permits  problem  solution  in  that  region  if  desired.  A 
dummy  source  (zero  excitation)  has  been  inserted  in  the  commands  for  that  purpose. 


s 

$ — - . .  . 

S  REGION  I 

S . 

* 

SETINT  MOM  PR  CS  SPR  IS  USEO  TO  SIMULATE  "INFINITE"  GROUND  PUNE 
GWDATA«G20M1 

ZGEN  GHDATA«GE0H1  ZMATRX-Z1KAT 
SRC1*VSRC(GECM1 )  V»0.,0.  SECS«1 

t 

% . . - 

%  REGION  II 

S . . 

S 

SETINT  MOH  PR  ES  Sf'R  15  USED  TO  SIMULATE  "I*. INITE"  GROUND  PLANE 
GHDATA»GE0H2 

ZGEN  GKDATA"GEOMZ  ZMATRX-Z2MAT 

SRC2 "■  ESRC ( GEQM2 )  SW*100Q.,0.  R-1000.  THETA«0.1  PHI«90. 


The  above  commands  generate  all  data  required  before  reconnecting  the  two  regions 
together.  Once  the  problem  has  been  connected  (with  CGNECT),  the  observables  in  a 
region  may  be  found  separately  from  the  other  regions.  In  the  listing  below,  region  I 
has  been  reconnected  with  region  II,  and  then  re^.’on  II  is  solved  for  the  aperture  fields 
(symb&i  12).  Of  course,  the  same  fields  would  be  obtained  by  solving  region  I  instead. 


$ 

* . . - . . 

*  CONNECT  THE  REGIONS  T0GETHF3  AXD  SOLVE  REGION  II 

*  . - . 

CONECT  GE0N1  <AP«1)  TO  GE0M2  (M  -1  > 

SOLVE  Z2MAT*!2*SRC2 
PRINT  12 


The  computed  aperture  fields  (12)  are  plotted  ;n  figure  6  along  with  predictions  from  [1] 
using  different  basis  functions  and  solution  methods.  The  field  patterns  from  GEM  ACS 
and  reference  [1]  arc  identical  and  are  shown  in  figure 


Figure  6.  Aperture  Fiekt;  for  the  Problem  of  Figure  5. 


Figure  7.  Transmitted  Field  Pattern  of  Figure  5. 


Example  2:  Waveguide  Opening  onto  a  Finite  Ground  Plane 

A  more  interesting  example  is  the  structure  shown  in  figure  8.  A  section  of  WR-90 
waveguide  forms  a  cavity  which  opens  up  onto  a  finite  ground  plane.  It  is  excited  by  a 
probe  very  close  to  the  back  wall  of  the  cavity.  In  this  case,  different  solution  methods 
must  be  used  to  find  the  fields  in  the  opening,  fields  in  the  cavity,  and  far-  field  pattern 
of  the  waveguide-plate  combination.  However,  all  these  observables  may  be  found  in 
just  one  GEMACS  execution. 
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Figure  8.  Waveguide  Opening  onto  Finite  Ground  Plane. 

Let  region  I  be  the  interior  of  the  cavity.  As  such  it  is  formulated  using  finite 
difference  physics.  Its  geometry  model  is  shown  below  and  is  nothing  more  than  a  box 
made  from  six  GTD  piates,  one  of  which  has  an  aperture  opening  cut  into  it.  This 
aperture  has  been  modeled  with  six  aperture  elements,  yielding  a  total  of  12  unknowns 
per  region.  The  GRID  command  tells  the  FD  physics  to  subdivide  the  cavity  interior 
into  a  uniform  grid  of  0.01563  x  0.02186  x  0.0547  meters.  The  x-dimension  has  been 
more  finely  subdivided  than  the  A/ 10  criterion  requires  so  that  higher  order  modes 
(introduced  by  the  placement  of  tire  probe)  can  l adequately  supported.  The  z- 
dimension  is  the  entire  height  of  the  cavity.  Other  runs  with  finer  z-axis  subdivisions 
took  much  more  computer  time  but  yielded  little  difference  in  results,  indicating  that 
the  z-dimension  field  taper  is  nearly  uniform.  The  COND  command  places  a 
conductivity  of  a  «  5.7  x  10®  mhos/m  on  the  cavity  boundary. 
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S  GEOMETRY  DESCRIPTION  FOR  REGION  I  (CAVITY) 

*  THIS  NAS  DEEM  TAKEN  FROM  THE  GEMACS  EHGR  MAN  (P.  174.1) 
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The  exterior  geometry  model  is  identical  to  the  interior’s  model  except  that  the  GRID 
and  COND  commands  have  been  removed  and  that  the  corners  of  plate  3  have  been 
extended  to  make  a  60  x  60  cm  ground  plane. 


The  GEMACS  execution  commands  are  shown  below  and  are  similar  to  those  for  the  slot 
problem.  The  major  difference  is  that  now  two  different  physics  techniques  are 
required,  as  manifested  by  the  different  SETINT  commands  for  .the  two  regions.  Now 
region  I  requires  an  FD  solution,  while  region  II  uses  MOM  (for  the  aperture  basis 
functions)  and  GTD  (for  the  plates).  Like  the  slot  problem,  a  dummy  drive  (DRV)  has 
been  defined  for  the  exterior.  The  zero  excitation  vector  (DRV)  creates  a  valid 
GEMACS  symbol  which  is  used  in  the  SOLVE  command  for  region  II,  Since  the 
excitation  is  zero,  the  physics  are  unaffected  by  it. 


$ 

$ . 

TITLE  "OPEN-ENDED  WAVEGUIDE  OPENING  ONTO  A  FINITE  GROUND  PLANE" 

$ . 

NUHFIL-27 

TIME  -  40.  SESTIMATE  FOR  IBM  PC-AT 

FRQ  *  2000.  JSET  FREQUENCY  TO  2  GHZ 

$ 

$---- . 

*  SET  UP  GEOMETRY  AND  PHYSICS  FOR  REGION  I  (CAVITY) 

$ . 

$ 

SETINT  FD 
GMDATA  ■  CAVITY 

$  SET  SOURCE  AT  <0.0547,  0.0054747,  0.02735)  METERS 
SRC  *  ESRC(CAVITY)  DW*1.,0.  R=0.0614  THETA=63,55  PH!*5.71 
2GEN  GHDATA=CAVITY  ZMATRX-ZI JMAT 

CAVFLD=EFIELD(CAVITY)  Z1«=0.0274  X1=0.1094  Y1=O.DY=0. 02186 

*  Y2*=0.2188  $  CAVITY  FIELDS 


S 


S  SET  UP  GEOMETRY  AND  PHYSICS  FOR  REGION  II  (EXTERIOR) 

t . 

S 

SETINT  MOM  PL  51 
GMDATA  *  OUTSID 
ZGEN  GMDATA*OUTSID  ZMATRX*Z0UT 
DRV  «  VSRC(OUTSID)  V=0.,0.  $EGS*1 

YAUFLO»EFIELD(OUTSID)  T1*90.  P1*0.  I'P=1.  P2*360.  SFIELD  PATTERNS 
PITFLD=EFlELD(OUTSID)  P1^90.  P2=270.  T1=0.  DT«1.  T2-180. 

PURGE  ZSHD 

$  CONNECT  THE  REGIONS  TOGETHER 

CONECT  CAVITY  (AP  1)  TO  OUTSID  (AP  1) 

$  SOLVE  REGION  I  PROBLEM 

SOLVE  ZIJKAT*I1  ■  SRC 
PURGE  ZI JLWR, ZI JUPR 

S  SOLVE  REGION  II  PROBLEM 

SOLVE  ZUUT*l2«ORV 
PURGE  ZLVR,ZUPR 

PRINT  12  SAPERTURE  FIELDS 

END 


The  fields  in  the  aperture  look  essentially  like  figure  6  and  are  not  shown.  The  cavity 
field  pattern  is  shown  in  figure  9  and  is  taken  down  the  center  of  the  waveguide  from 
the  back  wall  (ner,r  the  probe)  to  the  front  wall  (at  the  aperture).  Note  that  GEMACS 
has  computed  a  number  of  higher  order  modes  in  order  to  reproduce  the  spike  near  the 
probe. 
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The  principal  plane  far-field  patterns  are  shown  in  figure  10.  These  follow  the  same 
shape  as  the  patterns  from  the  slot  (figure  7)  except  for  the  ripple  and  back  lobes  caused 
by  diffractions  from  the  plate  edges. 
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Figure  10.  Principal  Plane  Patterns  of  Structure  in  Figure  8. 


Summary 

An  overview  of  how  GEMACS  version  4.0  solves  multiple  region,  aperture-coupled 
problems  with  the  FD-hybrid  method  has  been  presented.  Theoretical  details  have  been 
omitted  in  favor  of  a  conceptual  discussion  as  the  theory  can  be  found  in  the  literature 
[1-3].  The  two  examples  in  the  paper  show  the  fundamentals  of  using  the  technique, 
though  the  implementation  of  FD-hybrid  in  GEMACS  has  tar  more  power  than  can  be 
shown  in  a  single  paper. 
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APPLICATION  ON  OF  GEMACS-IV  FOR  SMALL 
APERTURE  COUPLING 
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INTRODUCTION 

The  recent  release  of  GEMACS-IV  with  the  incorporation  of 
aperture  models  should  be  of  great  utility  in  modeling  coupling 
of  electromagnetic  energy  to  the  interior  of  structures.  This 
paper  will  explore  the  effect  of  the  selection  of  the  number  of 
aperture  points  and  their  location  on  the  current  induced  on  a 
wire  located  behind  an  infinite  ground  screen  with  an 
electrically  small  aperture.  Comparison  with  results  obtained  by 
Butler  1  and  Lin  and  Curtis  *-  .  Both  of  these  works  deal  with 
electrically  small  apertures  and  the  Lin  and  Curtis  paper 
presents  measured  data.  As  will  beOdemons trated ,  GEMACS-IV  is 
quite  sensitive  to  the  number  of  point  chosen  to  represent  the 
aperture  as  well  as  the  excitation  employed  to  drive  the 
aperture.  At  this  time,  no  modelling  guidelines  can  be  developed 
to  aid  the  user  in  correctly  modeling  small  apertures  although 
large  aperture  results  compare  favorably  with  3  which  is  the 
formalism  implemented  in  GEMACS-IV. 

MODELING  APPROACH 

GEMACS-IV  models  apertures  using  the  method  of  moments 
formalism  [3]  to  provide  the  exterior  to  interior  coupling  in 
support  of  the  frequency  domain  finite  difference  solution 
process  to  solve  for  interior  coupling.  These  apertures  arc 
associated  with  the  plate  and  cylinder  GTD  model  elements.  When 
apertures  are  placed  on  plates,  they  are  associated  with  the  side 
of  the  plate  for  which  the  normal  is  defined.  Thus  a  small 
aperture  in  an  infinite  ground  screen  is  constructed  by  placing 
the  aperture  cn  the  positive  side  of  a  plate  using  one  of  the 
GEMACS-IV  AP  geometry  commands.  The  solution  is  then  obtained 
using  only  the  GTD  and  MOM  processes.  The  FD  process  is  not  used 
since  there  is  not  a  closed  volume  representing  the  back  side  of 


3  Butler  and  Umashankar , IEE  PROCEEDINGS,  vol.  127,  pt.  H, 
pp .  161-169,  June  1980 
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3  Mautz , Harr ington  and  Auckland,  ELECTROMAGNETIC  COUPLING 
THROUGH  APERTURES,  RADC - TR -  8 1  -  3 8 0 ,  JANUARY  1982 


Figure  1  -  GEMACS-IV  Geometry  Regions  for  Apertures  in  an 
Infinite  Screen 

the  plate.  This  approach  is  presented  in  figure  1  where  the  wire 
to  be  coupled  to  is  located  on  the  back  side  of  the  plate  and  the 
source  is  on  the  positive  or  front  side  of  the  plate  and 

♦  ^  ^  *  -  .  i  .  .  »«i  »  i  »  i  f  t  .  *_  •  i  f  •  *  i 

illuminates  cne  aperture.  worse  tors  r u v e s t r ga t r u u  was  rrmrteu 
to  a  single  wire,  the  objects  on  the  "back"  side  of  the  plate 
could  be  any  MOM  developed  structure.  The  two  regions  are  joined 
by  using  the  CONECT  command.  Only  the  aperture  elements  on  the 
GTD  side  of  the  plate  are  driven  by  the  spherical  wave  source. 
Continuity  of  the  field  components  is  performed  by  the  CONECT 
command . 

Since  GEMACS-IV  models  apertures  using  pulse  basis 
functions,  the  rule  of  thumb  would  dictate  using  10  sample  points 
per  wavelength,  however,  since  these  apertures  are  extremely 
small,  this  rule  leads  to  a  single  point  aperture.  In  this  work, 
several  models  were  used  to  determine  the  sensitivity  of  the 
computed  results  to  the  number  of  points  in  the  aperture.  The 
results  will  be  presented  in  the  next  two  sections  for  the  data 
presented  in  references  [1]  and  [2]  respectively. 


COMPARISON  WITH  BETHE  SMALL  HOLE  THEORY 

Butler's  work  is  based  on  Bethe  small  hole  theory.  His 
geometry  is  depicted  in  figure  2.  Figure  3  corresponds  to  figure 
6  of  [1],  however  curves  b  and  c  in  [1]  are  mislabelled  and  have 
been  corrected  here.  It  is  worth  noting  that  the  results  as 
depicted  in  figure  3  are  normalized  to  wavelength  leading  one  to 
believe  that,  with  proper  scaling,  the  results  should  be 
identical  for  any  wavelength  for  which  the  theory  is  valid. 
Figure  4  presents  the  GEMACS-IV  results  for  a  frequency  of  300 
MHz  and  all  configurations  of  figure  2.  The  agreement  is 
excellent  using  a  single  point  to  represent  the  aperture  on  a 
plate  . 

Figure  5  presents  the  results  for  configuration  (a)  cf  figure  3 
for  frequencies  of  100,  300,  and  1000  MHz.  All  elements  have 
been  scaled  to  the  wavelength.  The  results  bring  into  question 
the  validity  of  the  scaling  presented  in  [1],  however,  the 
agreement  found  at  300  MHz  was  obtained  by  trial  and  error  in  the 
first  place.  There  is  not  sufficient  information  to  determine  if 
the  data  in  [1]  was  actually  computed  with  a  wavelength  of  unity, 
however,  if  this  is  so,  GEMACS-IV  is  readily  adaptable  to  small 
apertures  coupling  using  this  modeling  technique. 


APERTURE  HT  ORIGIN 


U I  RE  CENTER 


y./\  Y/A  7/\ 


GROUND  SCREEN 


Figure  2  -  Small  Hole  Theory  Geometry  (2] 
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Figure  5  -  GEMACS-IV  Results  for  Figure  2(a)  at  100,300,  and 
1000  MHz 


COMPARISON  WITH  MEASUREMENT  AND  BABINET  PRINCIPLE  MODEL 

The  model  of  Lin  and  Curtis  [2]  was  based  upon  using 
Babinet's  principle  with  the  aperture  currents  computed  using  a 
pulse  expansion  function.  In  [2] ,  the  grid  used  to  represent  the 
aperture  appears  to  have  been  represented  using  43  basis  points, 
however  the  exact  model  is  not  presented. 

Figure  6  illustrates  the  geometry  of  the  problem  and  the 
results  obtained  using  Babinet's  principle  and  a  transmission 
line  model  to  obtain  the  open  circuit  voltage  are  presented  in 
figure  7.  Figure  8  presents  the  GEMACS-IV  results  for  3  aperture 
models  containing  16,  4  and  1  point.  As  can  be  seen,  the  number 
o£  aperture  elements  greatly  influences  the  results  with  the  16 
point  model  being  in  close  agreement  with  the  results  of  [2] .  It 
is  worth  noting  that  the  aperture  half  wavelength  circumference 
corresponds  to  82  MHz  which  is  the  resonant  frequency  observed  in 
both  models  whereas  the  measurement  of  figure  7  indicates  an 
observed  resonance  closer  to  70  MHz.  The  details  of  the  cavity 
containing  the  aperture  are  not  available  and  these  influences 
may  be  appreciable. 
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Figure  8  -  GEMACS-IV  Results  for  Three  Aperture  Models  for  [2] 

While  the  model  of  [2]  satisfied  the  boundary  conditions  on 
he  aperture  edge  as  well  as  in  the  aperture,  GEMACS-IV  actually 
displaces  the  boundary  condition  points  off  of  the  aperture  edge7 
Since  the  dominant  frequency  observed  corresponds  to  the 
perimeter  of  the  aperture,  it  seems  wise  to  consider  this  as  the 
controlling  model  guideline.  In  the  16  point  aperture  model  of 
-  gUre  8’  tJie  s amp 1 ing  of  the  perimeter  corresponds  to  an  upper 
frequency  of  approximately  200  MHz  at  10  samples  per  wavelength. 

lat  the  results  are  in  good  agreement  with  [2]  is  then  not 
surprising  since  they  also  effectively  used  method  of  moments 
with  pulse  expansion  functions. 


CONCLUSIONS 

It  appears  that  when  standard  MoM  rules  of 
guidelines  are  used,  GEMACS-IV  can  be  used 
electrically  small  apertures  in  infinite  ground 
extremely  small  apertures  such  as  those  of  [1] 
aperture  model  is  sufficient,  while  for  the 
aperture  of  [2],  the  aperture  perimeter  is  the 
consideration.  From  the  experience  gained  in  the 
this  paper,  it  can  be  stated  that  over/und*r 
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,  t,  -  ;n  variation  ..in  resultg  as  depicted 
In  figure  8.  This  in  partly  due  to  numerical  precision  since  the 
MoM  interaction  elements  are  on  the  order  of  IQ4  while  aperture 
interaction  elements  are  on  the  order  of  10‘6.  It  should  be  re- 


emphasized  that  no  finite  differencing  was  required  due  to  the 
association  of  apertures  with  the  positive  side  of  GTD  plate 
elements.  Hence,  when  cavity  effects  are  not  important  or  first 
order  approximations  are  sufficient,  GEMA.CS-IV  has  a  new  and 
unique  method  of  combining  the  GTD  and  MOM  modules  to  obtain 
solutions  for  structures  illuminated  via  apertures. 


GEMACS  on  a  Personal  Computer 

by 


Edgar  L.  Coffey 
Advanced  Electromagnetics 
5617  Palomino  Dr.NW 
Albuquerque,  New  Mexico  87120 


Most  electromagnetic  computer  programs  until  recently  have  required  host  machines  of 
mainframe  or  super-mini  size.  The  large  number  of  complex  computations  needed  to 
general  and  solve  a  method  of  moments  interaction  matrix  or  a  geometrical  theory  of 
diffraction  ray  tracing  set  forced  the  user  to  the  largest  computer  available  to  him.  This 
was  not  necessarily  an  ideal  solution,  since  mainframe  computers  must  support  a  large 
number  of  users  in  order  for  them  to  be  cost  effective.  A  typical  electromagnetic 
analyst  using  GEMACS,  BSC,  or  NEC  might  only  be  able  to  run  two  or  three  problems 
per  day  in  this  shared  environment. 

The  power  and  speed  of  the  present  generation  of  personal  computers  now  makes  it 
possible  (and  even  desirable)  to  host  large  electromagnetic  codes  on  machines  readily 
available  to  most  engineers.  We  have  converted  a  number  of  supposedly  “mainframe” 
programs  to  personal  computers  without  having  to  sacrifice  any  of  the  original 
capabilities  of  those  programs,  thus  creating  an  electromagnetic  engineering  work  station 
at  modest  cost.  We  have  found  in  addition  that  for  all  but  the  largest  EM  problem  the 
PC-based  work  station  gives  better  turnaround  than  larger  mainframe  or  super-mini 
computer  systems,  primarily  because  the  PC  is  a  single-user  machine. 

The  purpose  of  this  paper  is  to  show  how  RADC’s  GEMACS  ( General  Electromagnetic 
Model  for  the  Analysis  of  Complex  Systems )  computer  program  has  been  successfully 
installed  on  80286-  and  80386-based  personal  computers  (PCs)  [1].  The  GEMACS  code 
was  selected  for  the  paper  because  it  is  by  f8r  the  largest  and  most  complex  of  the 
popular  general-purpose  electromagnetic  programs,  having  over  1100,000  lines  of  code.  It 
also  has  most  of  the  same  capabilities  and  physics  of  the  NEC  and  BSC  computer 
programs,  as  well  as  many  features  not  contained  in  any  other  code. 

Whether  or  not  the  reader  is  interested  in  GEMACS  per  se,  he  will  find  the  information 
given  in  this  paper  to  be  a  useful  guide  in  configuring  and  converting  other  large 
electromagnetic  codes  for  his  particular  installation. 

Vital  Statistics 

GEMACS  for  the  PC  is  composed  of  eight  (8)  FORTRAN  programs  (or  “modules”) 
which  execute  sequentially,  as  opposed  to  six  (6)  programs  for  the  mainframe  version. 
Each  program  executes  a  portion  of  the  physics,  mathematics,  or  input/output,  as  shown 
in  the  following  table.  In  the  mainframe  version,  GEMGTDI,  GEMGTD2,  and 
GEMGTD3  are  combined  into  a  single  GEMGTE.EXE  program. 


This  work  was  sponsored  in  part  by  Rome  Air  Development  Center,  RADC/RBCT, 
Griffis*  Air  Force  Base,  NY  under  contracts  F306Q2-86-C-0015  and  F30602-86-C-0186. 


GEHACS  MODEL  MAMES,  FORTRAN  PROGRAMS,  AND  FUNCTIONS 


MODULE  NAME 

FORTRAN  NAME 

FUNCTIONS 

INPUT 

GEMINP.EXE 

PERFORM  COMMAND  LANGUAGE  SYNTAX  AND  GRAMMAR  CHECKS .  CHECK 

FOR  EXISTENCE  OF  DATA  SETS.  PROCESS  GEOMETRY  COTMANOS  AND 
CHECK  FOR  SYNTAX  AMD  MODELING  ERRORS.  CHECK  FOR  DATA  SET 
CONSISTENCY.  CHECK  MULTIPLE  REGION  GEOMETRY  INTERFACES. 

FO 

GEMFFD.EXE 

PERFORM  ALL  FINITE  DIFFERENCE  (FREQUENCY  DOMAIN)  CALCU¬ 
LATIONS  ON  INTERIOR  (CAVITY)  GEOMETRIFS.  GENERATE  APERTURE 
INTERFACES  FOR  INTERIOR  PORTIONS  OF  MULTIPLE  REGION 

PROBLEMS. 

GT01 

GEMGTD1.EXE 

PERFORM  ALL  GTD  RAY  TRACING  AMONG  PLATE  GEOMETRY  ELEMENTS. 
GENERATE  THE  GTC  PORTION  (PLATES  ONLY)  OF  THE  PHYSICS  DATA 

FOR  MOM/GTD  AND  MULTIPLE  REGION  HYBRID  PROBLEMS. 

GTD2 

GEMGTD2.EXE 

PERFORM  ALL  GTD  RAY  TRACING  AMONG  CYLINDER  AND  END  CAP 
GEOMETRY  ELEMENTS.  GENERATE  THE  GTD  PORTION  (CYLINDER  AND 
ENO  CAPS  ONLY)  OF  THE  PHYSICS  DATA  FOR  MOM/GTD  AND  MULTIPLE 
REGION  HYBRID  PROBLEMS. 

GTD3 

GEHGTD3.EXE 

PERFORM  ALL  GTD  RAY  TRACING  BETWEEN  PLATES  AND  CYLINDER/END 
CAP  ELEMENTS.  GENERATE  THE  GTD  PORTION  (PLATE-CYL  ONLY)  OF 
THE  PHYSICS  DATA  FOR  MOM/GTD  AND  MULTIPLE  REGION  HYBRID 
PROBLEMS. 

MOM 

GEMMOM.EXE 

PERFORM  ALL  KETHOO  OF  MOMENTS  INTERACTIONS  WITH  WIRES  AND 
PATCHES.  GENERATE  »ur>  FvrtTATtnus  FOR  MOH  OBJECTS. 
GENERATE  THE  MOM  PORTION  UF  THE  PHYSICS  DATA  FOR  MOM/GTD 

AND  MULTIPLE  REGION  HYBRID  PROBLEMS. 

SOLN 

GEHSOL.EXE 

PERFORM  ALL  MATHEMATICS  AND  SOLUTION  PROCESSES  IN  GEMACS. 
IMPLEMENTS  MATRIX  BANDING  AND  BANDED  MATRIX  ITERATION.  DOES 
LU-DECCMPOSITION  AND  BACK  SUBSTITUTION  ON  FULL  AND  BANDED 
MATRICES.  JOINS  MULTIPLE  REGIONS  TOGETHER  AT  APERTURES. 
ALLOWS  ALL  DATA  TO  BE  MODIFIED  BY  USER  PRIOR  TO  PROBLEM 
SOLUTION.  PURGES  UNWANTED/UNNEEDED  DATA  SETS. 

OUTPUT 

GEHQUT.EXE 

COMBINE  SCATTERED  AND  INCIDENT  FIELD  DATA  AND  PRINT  OUT  ALL 
REQUESTED  FIELD  PATTERNS.  PRINT  ANY  AND  ALL  GEMACS  DATA  TO 
TO  PRINTER  OR  WRITE  DATA  TO  A  PERIPHERAL  FILE. 

It  is  convenient  to  break  up  the  eight  modules  into  eleven  (11)  sets  of  subroutines. 
There  is  one  set  for  each  module  plus  additional  sets  for  common  blocks,  subroutines 
used  by  the  GTD1,  GTD2,  and  GTD3  modules,  and  subroutines  used  by  several 
modules.  The  statistics  on  each  set  are  given  below. 

Hardware  and  Software  Requirements 

The  only  unavoidable  hardware  requirement  for  GEMACS  on  a  PC  is  having  a  minimum 
of  640K  of  RAM  memory  installed,  and  the  only  unavoidable  software  requirement  is 
having  the  DOS  operation  system  version  2.x  or  3.x.  Practical  considerations  dictate 
several  more  requirements.  However,  GEMACS  has  been  run  on  computers  as  small  as 
an  IBM  PCjr  (with  640K.).  And  this  is  not  a  “miniature”  version,  but  rather  the  same 
code  that  you  may  be  using  on  a  mainframe.  Of  course,  running  a  mainframe  code  on  a 
PCjr  takes  a  lot  of  time! 


STORAGE  REQUIREMENTS  FOR  GEMACS  ON  A  PC 


MODULE 

NAME 

NUMBER  OF 
ROUTINES 

SOURCE 

SIZE 

OBJECT 

SUE 

EXECUTABLE 

SIZE 

INPUT 

59 

456K 

5  2  OK 

499K 

FD 

42 

380 It 

412K 

559K 

GTD 

65 

464K 

692 K 

GTD1 

5 

72K 

80K 

432K 

GTD2 

5 

64K 

84K 

454K 

GTD3 

5 

64K 

68K 

518K 

MOM 

26 

196K 

288K 

372K 

SOLN 

-.8 

160K 

172K 

544K 

OUTPUT 

52K 

43K 

261 K 

CON  fP  IBS 

64 

372K 

376K 

.... 

COMMONS 

104 

416K 

•- 

.... 

TOTALS 

398 

2.696K 

2.740K 

3,639K 

A  more  practi  al  set  of  hardware  requirements  is: 


o  80286  or  80386  CPU 

o  80287  or  80387  Math  Coprocessor  highly  recommended 
o  640K  RAM  memory  (Operating  system  plus  580K  for  GEMACS) 
o  Hard  disk  drive  with  8+  Megabytes  storage  available  to  GEMACS 
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(80286  machine)  with  80287  math  coprocessor,  640K  RAM,  and  30  Megabyte  hard  disk 
and  (2)  a  COMPAQ  386  (80386  machine)  with  89387  math  coprocessor,  640KL  RAM,  and 
130  Megabyte  hard  disk.  Additional  RAM  memory  (extended  memory)  has  been 
installed  on  both  machines  and  is  used  for  a  disk  cache  and/or  RAM  disk  (see  below). 


The  software  used  by  Advanced  Electromagnetics  for  GEMACS  is: 


o  Microsoft  DOS  2,i  or  greater  (3,x  recommended) 
o  Microsoft  Optimizing  FORTRAN  Compiler  Version 
o  Microsoft  Macro  Assembler  (Any  Version) 
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o  Word  Piocessor  which  reads/writes  ASCII  text  files 


4.01 


Microsoft  FORTRAN  4.01  is  listed  because  it  is  the  latest  version.  GEMACS  has  also 
been  compiled  with  versions  3.31  and  4.0  of  Microsoft’s  compilers,  as  well  as  Ryan- 
McFarland  and  Lahey  FORTRAN  compilers.  However,  beware  of  a  number  of  bug3  in 
Microsoft’s  FORTRAN  4.0  when  performing  operations  with  complex  numbers 
(especially  the  CMPLX  function). 


Code  Conversion  to  the  PC 


As  GEMACS  is  written  in  ANSI  FORTRAN  77,  its  conversion  to  a  personal  computer 
was  straightforwaid,  though  time  consuming.  First,  ail  subroutines  and  common  blocks 
were  put  invo  separate  files  for  easier  text  editing  and  modifications.  Common  blocks 
are  now  accessed  by  the  individual  subroutines  via  $INCLUDE:  statements.  The 
subroutines  are  combined  together  again  to  make  the  GEMACS  modules  at  link  time. 
This  one  step  accounted  for  90%  of  the  code  conversion  time. 


The  second  conversion  step  was  to  write  assembly  language  interface  routines  between 
Microsoft  FORTRAN  and  the  operating  system,  since  Microsoft  FORTRAN  did  not 
originally  have  function  calls  for  time  of  day,  CPU  time,  etc.  Four  (4)  simple  assembly 
language  programs  were  written  so  that  GEMACS  could  operate  under  DOS; 

DATE  Calendar  date  in  mm/dd/yy  format 
ITICK  Elapsed  CPU  time  in  timer  ticks  (1/1 8th  sec) 

MAXFIL  Overcome  DOS  file  limit  (see  below) 

TIME  Time  of  day  in  hh:mm:ss  format 

These  routines  are  self-explanatory  with  the  exception  of  MAXFIL.  MAXFIL  was 
written  because  of  a  DOS  limitation  on  the  number  of  files  which  can  be  open  at  one 
time.  DOS  restricts  the  user  (arbitrarily)  to  a  maximum  of  20  open  units,  regardless  of 
how  large  a  number  is  placed  on  the  FILES-  command  in  the  CONFIG.SYS  file.  DOS 
takes  three  of  the  20  for  itself,  leaving  only  17  for  GEMACS  (or  any  other  program). 
Many  GEMACS  problems  can  be  run  with  just  17  peripheral  files,  but  the  multiple 
region  (interior/exterior)  coupling  problems  and  some  complex  exterior  region  MOM 
problems  require  many  more  files. 

MAXFIL  overcomes  the  DOS  limit  by  setting  aside  its  own  storage  for  up  to  255  open 
files.  Fence,  the  new  open  file  limit  is  imposed  by  the  FILES*  command  in 
CONFIG.SYS  or  by  the  compiler  itself.  For  example,  the  “C"  language  compiler 
imposes  no  restrictions,  and  all  255  files  can  be  open.  Some  FORTRAN  compilers  allow 
all  255  files,  but  the  Microsoft  FORTRAN  compiler  only  allows  27  files.  Subtracting 
three  files  for  DOS  leaves  24  files  for  GEMACS.  This  is  enough  to  work  a  four  region 
interior/exterior  problem  on  the  PC. 

The  third  GEMACS  conversion  was  to  make  GEMACS’  file  system  compatible  with 
DOS.  This  change  was  not.  strictly  required,  but  not  to  have  made  the  conversion  would 
have  invited  much  extra  effort  in  executing  the  code. 

GEMACS  uses  the  NUMFIL  command  (2]  to  tell  GEMACS  how  many  peripheral  files 
are  available  to  the  program.  On  the  PC  file  names  are  generated  for  all  peripheral  files 
using  the  format  FOR/i/m.DAT  for  files  whose  unit  number  nnn  is  less  than  or  equal  to 
NUMFIL  and  the  format  FORnnn.USR  for  files  whose  unit  number  is  greater  than 
NUMFIL.  The  FORmw.DAT  files  ure  automatically  closed  and  deleted  (except  for  the 
checkpoint  file  [2])  when  a  module  terminates. 

One  file  conversion  feature  that  is  rot  ANSI  standard  is  the  use  of  the  BINARY  file 
structure  (rather  than  UNFORMATTED)  and  the  BLOCK.SIZE-  parameter  in  the  OPEN 
statements.  For  compilers  that  don’t  support  these  extensions  of  the  ANSI  standard, 
change  BINARY  to  UNFORMATTED  and  omit  the  BLOCK.SIZE-  field  on  the  OPEN 
statements. 


The  final  conversion  step  was  to  divide  the  single  mainframe  GTD  module  into  three  PC 
GTD  modules:  GTD1,  GTD2,  and  GTD3.  The  real  purpose  of  dividing  up  GTD  was  to 
allow  for  future  growth  in  GEMACS  version  5.  However,  it  was  fortunate  that  GTD 
had  been  divided  with  the  release  of  DOS  3.2.  some  20 1C  larger  than  DOS  3.1.  A  single 
GTD  module  which  worked  fine  with  DOS  3.1  won’t  fit  into  memory  with  DOS  3.2. 

It  is  possible  to  change  GEMACS’  array  sizes  to  optimize  the  code  for  a  particular 
machine  or  problem  type  [3].  But  this  step  has  not  been  performed  on  the  PC  version. 


To  Cache  or  Not  to  Cache 


A  cumber  of  software  progmms  have  been  touted  as  greatly  speeding  up  the 
performance  of  a  hard  disk  by  2:i  or  better.  The  programs  basically  set  up  a  portion  of 
memory  to  be  used  as  a  large  disk  I/O  buffer  with  the  idea  that  once  data  are  in 
memory  the  disk  doesn’t  need  to  be  accessed  every  time  the  data  need  to  be  read.  Such 
a  system  is  called  a  ‘disk  cache.” 

Since  GEMACS  is  so  I/O  intensive,  the  use  of  such  a  program  sounds  attractive.  And 
for  small  problems,  a  disk  cache  will  provide  minor  improvements  ( ca .  10%)  in 
performance.  Yet  a  disk  cache  does  not  lend  itself  to  the  GEMACS  I/O  file  structure. 
All  GEMACS  data  sets  are  unformatted,  sequential  files.  Since  GEMACS  is  set  up  to 
access  these  files  sequentially,  the  disk  cache  buffer  will  not  normally  contain  the  file 
data  desired.  The  savings  from  those  few  times  that  a  “hit”  is  made  are  lost  in  the 
overhead  of  running  the  cache  in  the  first  place.  For  very  large  problems  (ca.  500 
unknowns  or  more),  the  cache  has  created  a  performance  penalty!  I-Ience,  it  is  strongly 
recommended  that  a  disk  cache  not  be  used. 

Advantages  of  a  RAM  Disk 

A  RAM  disk  is  a  section  of  computer  random  access  memorv  (RAM)  set  up  to  emulate  a 
disk  drive.  The  obvious  advantage  of  a  RAM  disk  over  a  hardware  disk  is  that  the 
RAM  disk  operates  at  the  speed  of  memory  while  the  speed  of  a  physical  disk  is  limited 
by  its  hardware.  The  RAM  disk’s  disadvantage  is  that  it  is  electronic:  the  data  disappear 
when  the  power  is  turned  off.  In  addition,  the  size  of  a  RAM  disk  is  limited  by 
available  RAM  memory. 

r 

We  have  found  that  an  S0285  or  80386  computer  with  extended  memory  (memory 
beyond  1  Megabyte)  configured  with  a  RAM  disk  in  extended  memory  can  give 
performance  increases  of  1.5:1  in  the  MOM  module  (matrix  fill)  and  over  5:1  in  the 
SOLN  module  (matrix  factor  and  back  substitution)  for  large  problems.  The  best 
speedup  figures  are  obtained  with  the  80386  chip  since  the  RAM  disk  routines  are 
written  for  a  32-bit  data  path  (as  opposed  to  16  bits  for  the  80286)  and  the  80386  can  be 
operated  in  its  “virtual  8086”  mode. 

We  highly  recommend  the  use  of  a  RAM  uis.k  for  aii  GEMACS  problems.  A  i.5  Mega¬ 
byte  RAM  disk  can  handle  up  to  a  200  unknown  problem  (including  interaction  matrix, 
factored  matrix,  scratch  files,  and  the  checkpoint  file).  For  larger  problems,  more 
extended  memory  is  needed  or  the  RAM  disk  concept  must  be  abandoned  in  favor  of 
the  standard  hard  disk. 

Running  GEMACS  on  a  PC 

To  run  the  GEMACS  program  on  a  PC,  an  input  file  containing  physics,  mathematics, 
and  geometry  commands  is  generated  with  an  ASCII-output  word  processor.  Most  all 
PC-bared  word  processors  have  an  ASCII  output  mode,  though  that  mode  may  not  be 
the  default  ( e,g.t  WordStar,  pfs:  First  Choice).  The  input  file  should  be  given  the 
extension  ,GEM  to  indicate  that  it  is  a  GEMACS  input  deck. 

The  eight  GEMACS  modules  are.  then  executed  in  the  order  listed  in  the  first  table. 
However,  if  the  physics  of  a  particular  module  is  not  needed,  that  module  may  be 
eliminated  from  the  list  in  order  to  save  a  few  seconds  of  execution  time.  For  example. 


a  MOM-only  problem  ( e.g .,  a  dipole  antenna  in  free  space)  would  only  require  the 
INPUT,  MOM,  SOLN,  and  perhaps  OUTPUT  modules. 

The  output  of  each  GEMACS  module  is  a  printer  image  (132  column)  ASCII  file.  It  is 
suggested  that  the  extension  for  the  GEMACS  outputs  correspond  to  the  name  of  the 
module  generating  the  output,  such  as  .MOM  for  the  output  from  the  MOM  module. 
The  primary  file  name  would  be  the  same  as  the  file  name  of  the  .GEM  input  deck. 
Hence,  with  an  input  deck  named  DIPOLE.GEM,  a  MOM-only  execution  would 
generate  DIPOLE.INP  (from  the  INPUT  module),  DIPOLE.MOM  (from  the  MOM 
module),  DIPOLE.SOL  (from  the  SOLN  module),  and  DIPOLE.OUT  (from  the  OUTPUT 
module). 

To  facilitate  the  automatic  execution  of  GEMACS,  a  batch  file  named 
GEMACS.BAT  is  included  with  the  PC  version  of  GEMACS.  GEMACS.BAT  executes  a 
list  of  GEMACS  modules  given  by  the  user  for  a  particular  input  deck.  After  executing 
each  module,  all  scratch  files  are  eliminated,  and  the  module’s  results  are  renamed  using 
the  convention  described  above.  The  format  of  GEMACS.BAT  is 

GEMACS  input- file-name  list-o f -modules -to-be-rw, 

where  the  input- file-name  is  the  file  (without  .GEM  extension)  containing  the  input  data 
(e.g.,  DIPOLE  for  DIPOLE.GEM).  The  list-of-modules-to-be-run  is  a  list  of  the 
GEMACS  programs  to  be  executed  in  the  order  listed.  The  first  three  letters  (“GEM”) 
of  each  program  name  are  omitted,  as  well  as  the  .EXE  extension.  Hence,  to  run  the 
INPUT  module  (GEMINP.EXE),  specify  only  INP  and  not  GEM1NP. 

Suppose  the  commands  and  geometry  of  a  MOM-only  dipole  antenna  have  been  stored 
in  DIPOLE.GEM.  Then,  GEMACS  can  be  invoked  by  typing 

GEMACS  DIPOLE  INP  MOM  SOL  OUT  <Enter> 

The  INPUT,  MOM,  SOLN,  and  OUTPUT  modules  will  be  run  in  sequence,  generating 
four  output  files  named  DIPOLE.INP,  DIPOLE.MOM,  DIPOLE.SOL,  and  DIPOLE.OUT 
which  contain  the  results  of  each  GEMACS  program. 

In  addition  to  the  standard  printer  (unit  6)  FORTRAN  outputs,  the  user  can  specify  that 
status  messages  be  displayed  on  the  computer  screen  by  using  the  undocumented 
DISPLA  command.  These  messages  are  helpful  to  the  user  by  letting  him  know  how  the 
execution  is  progressing  through  each  module.  The  DISPLA  command  should  almost 
always  be  one  of  the  first  executable  commands  in  the  input  file.  Its  format  is 

DISPLA  ON/OFF  LU-umf 

where  DISPLA  is  the  computer  screen  message  keyword  and  unit  is  the  logical  unit 
number  to  which  the  messages  are  to  be  written  (default-0,  the  screen).  To  invoke 
status  messages  throughout  the  GEMACS  execution,  enter 

DISPLA  ON  LU-0 

as  one  of  the  first  executable  commands. 


An  Example  Run  with  PC  GEMACS 


Below  is  a  listing  of  the  file  DIPOLE.GEM.  It  contains  commands  to  perform  a  MOM- 
only  execution  on  a  simple  dipole  antenna  centered  at  the  origin  and  directed  along  the 
z-axis.  In  GEMACS  the  execution  commands  (to  generate  excitations,  fields,  etc.)  come 
first  and  are  terminated  by  the  END  command.  The  geometry  commands  follow  the 
execution  commands,  and  they,  too,  are  terminated  with  END.  More  information  on  the 
execution  and  geometry  commands  may  be  found  in  [2]. 


DIPOLE  EXAMPLE  FOR  THE  PC  VERSION  OF  GEMACS 
WRITTEN  BY;  E.  L.  COFFEY 
DATE:  16  FEB  88 

REQUIRES:  INPUT,  MOM,  SOLN,  AND  OUTPUT  MODULES 


DISPLA  OK  LU-0 

NUMFIL-17 

FRQ-300. 

TIME  «  1. 

SETINT  MOM 
GHDATA-OIPOLE 

ZGEN  GHDATA-OIPOLE  ZMATRX-ZIJ 


STURM  ON  SCREEN  MESSAGES 
SALLOCATE  17  PERIPHERAL  FILES 
SSET  FREQUENCY  (MHZ) 

SSET  EXECUTION  TIME  LIMIT  (MINUTES) 

SSELECT  MOM  PHYSICS 
BREAD  AND  PROCESS  GEOMETRY 
SGENERATE  MOM  INTERACTION  MATRIX 
SRC-VSRCCOIPOLE)  V-1.,0.  SEGS-6  SEXCITE  CENTER  OF  DIPOLE  WITH  1  VOLT 
SOLVE  ZIJ'1-SRC  SFACTOR  AND  BACK  SUBSTITUTE  TO  FIND  CURRENTS 

PRINT  I  SPRINT  CURRENTS 

FLD  ■  EFIELD(DIPOLE)  P1-0.  T1-0.  DT-2.  T2-180.  SCOMPUTE  FIELDS 
END  OF  COMMANDS 
% 

S  GEOMETRY  FOR  A  SIMPLE  RESONANT  DIPOLE  ANTENNA 

S 
RA 
WR 


0.001  SRADIUS  OF  0.001  M 
0.  Cl.  -0.2375  0  .  0  .  0,237*; 


11  1  1  SWIRE  WITH  11  SEGMENTS 


END  OF  GEOMETRY 


Execute  this  problem  with  GEMACS  on  the  PC  by  typing 
GEMACS  DIPOLE  INP  MOM  SOL  OUT 


When  execution  is  complete,  the  DOS  prompt  returns  to  the  screen,  and  the  file  contents 
can  be  printed  or  examined  with  an  ASCII-based  word  processor.  Here  is  a  summary  of 
what  the  files  contain: 


RESULTS  OF  THE  DIPOLE.GEM  SIMULATION 


MODULE 

FILE  NAME 

CONTENTS 

INPUT 

DIPOLE. INP 

LIST  OF  COMMANDS 

GEOMETRY  DESCRIPTION 

MOM 

STATUS  MESSAGES  FOR  MOM  PHYSICS  CALCULATIONS 

SOLN 

DIPOLE. SOL 

SOLUTION  PROCESS  MESSAGES 

INPUT  IMPEDANCE 

INPUT  POWER 

OUTPUT 

DIPOLE. OUT 

DiPOLE  WIRE  CURRENTS 

DIPOLE  FIELD  PATTERNS 

The  GEM  ACS  output  files  are  in  standard  line  printer  image  format  with  up  to  132 
columns  of  text  per  line.  Hence,  when  printing,  use  a  wide  carriage  printer  or 
compressed  type  on  a  standard  carriage  printer  to  avoid  “line  wrap.” 

Performance  Statistics 

The  table  below  shows  a  sample  of  GEM  ACS’  performance  on  PCs  compared  with  a 
number  of  larger  systems.  In  general,  the  file  I/O  on  PC  systems  is  terribly  slow  when 
compared  to  mainframe  machines.  Hence,  computationally  intense  problems  with  little 
I/O  compare  favorably  with  mainframes,  while  I/O  bound  problems  on  the  PC  perform 
much,  much  slower  than  their  mainframe  counterparts.  Note  however  that  the  timing 
statistics  for  the  PCs  include  both  CPU  and  I/O  time  (essentially  wall  clock  time)  while 
the  mainframes  have  only  the  CPU  time  listed.  By  including  I/O  time  in  the  mainframe 
statistics,  the  performance  ratios  will  become  better. 


EXECUTION  TINE  (SECONDS)  OF  GEMACS  PROBLEMS  ON  VARIOUS  COMPUTERS 


PROBLEM 

COMPAQ  286 

COMPAQ  386 

VAX  11/785 

IBM  3084 

SPIRAL  ANTENNA 

7,340 

1,400 

1,774 

167 

20  ELEMENT  ARRAY 

782 

197 

298 

42 

SPHERE  (224  PATCHES) 

399 

58 

71 

10 

HONOPOLE/FINITE  GROUND  PLANE 

703 

78 

84 

23 

THREE  REGION  EXT/ 1 NT  COUPLING 

24,736 

6.959 

N/A 

844 

Limitations  Imposed  by  the  PC 

Perhaps  the  first  PC  limitation  on  GEMACS  which  comes  to  mind  is  that  of  inferior 
CPU  performance.  Naturally,  a  PC-based  system  is  going  to  be  several  times  slower 
than  a  mainframe  system.  But  this  is  not  a  “hard  fence”  limit  since  the  PC  can  be  run 
several  times  longer  if  necessary. 

The  second  limitation  which  comes  to  mind  is  that  of  core  storage.  A  PC  operating 
under  DOS  is  limited  to  640K  of  which  about  40K.  is  consumed  by  the  operating  system, 
device  drivers,  etc.,  leaving  only  600K  for  GEMACS.  Mainframes  have  many  times  this 
amount  of  storage  available.  But  GEMACS’  file  system  lets  users  work  problems  many 
times  the  size  of  available  memory.  For  example,  the  PC  version  of  GEMACS  wiii  solve 
problems  with  up  to  1,375  unknowns  with  the  arrays  dimensioned  to  fit  within  559K, 
though  1,375  complex  unknowns  will  generate  an  interaction  matrix  of  about  15  Mega¬ 
bytes. 

The  true  “hard  fence”  which  GEMACS  faces  on  a  PC  is  the  lack  of  hard  disk  storage 
space.  For  every  version  of  DOS  through  DOS  3.3,  the  maximum  hard  disk  device  size 
has  been  32  Megabytes,  though  a  large  physical  drive  could  be  partitioned  into  several 
32  Megabyte  drives.  But  by  the  time  the  interaction  matrix,  LU-decomposed  matrix, 
scratch  files,  and  checkpoint  files  are  all  considered,  32  Megabytes  translates  into  an  300 
unknown  problem.  Banding  and  banded  matrix  iteration  [2,3]  can  increase  this  to  a 
2,000  unknown  problem. 

Code  Availability 

The  GEMACS  software  and  documentation  are  subject  to  the  Arms  Export  Control  Act 
(Title  22#  U.S.C.,  Sec  2751  et  seq.)  or  Executive  Order  12470.  Requests  for  the  code 
and/or  documentation  should  be  referred  to  RADC/RBCT  (K.  R.  Siarkiewicz),  Griffiss 


Air  Force  Base,  New  York,  13441-5700,  telephone  (315)  330-2465  (commercial)  or 
587-2465  (Autovon). 

The  PC  version  of  GEMACS  is  maintained  and  supported  by  Advanced  Electromag¬ 
netics.  Requests  for  the  PC  version  should  also  be  directed  to  RADC  in  order  to  comply 
with  the  Export  Control  Laws.  Upon  receipt  of  approved  paperwork  from  RADC, 
Advanced  Electromagnetics  can  distribute  the  PC  version  of  GEMACS  to  you. 

Summary 

Is  GEMACS  on  a  PC  for  you?  Before  deciding  against  it,  consider  the  true  cost  and 
true  turnaround  time  for  a  mainframe  computer.  Execution  time  rates  may  be  fairly 
reasonable,  but  add  to  them  I/O,  page  fault,  and  disk  storage  charges  and  the  true  cost 
of  an  hour  of  VAX  11/780  CPU  time  may  be  $500.00.  Just  16  hours  at  $500/hr  will 
pay  for  the  80386  PC  system  described  above. 

A  study  of  turnaround  time  on  the  time-shared  Honeywell  6180  mainframe  at  RADC 
showed  that  16  simple  GEMACS  problems  could  be  batched  through  the  system  in  one 
day,  assuming  that  one  problem  had  finished  prior  to  submitting  the  next  one.  On  the 
80386  PC  system,  we  run  the  same  16  problems  in  a  single  hour! 
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1.0  INTRODUCTION 

In  a  communication  system,  one  of  the  primary  concerns  is  maximum 
efficiency  in  signal  transmission  and  reception.  For  maximum  power  transfer 
there  must  be  an  impedance  match  between  the  antenna  and  transmitter  (or 
receiver) .  A  basic  problem  is  to  design  a  coupling  network  between  a  given 
source  and  a  given  load  so  that  the  transfer  of  power  from  the  source  to  the 
load  is  maximized  over  a  given  frequency  band  of  Interest.  The  device  used  to 
perform  this  impedance  matching  Is  called  an  antenna  matching  network. 

The  number  of  pieces  of  equipment  requiring  an  antenna  connection  in  some 
applications  may  exceed  the  number  of  acceptable  locations  available  for 
antennas.  One  solution  is  the  use  of  broadband  antennas  that  have  a  low  VSWP. 
(voltage  standing -wave  ratio)  over  the  operating  band.  Broadband  antennas  are 
used  In  conjunction  with  multicouplers  (filters  with  multiple  Inputs)  to 
provide  a  sufficient  number  of  antenna  connections. 

Despite  the  aid  of  Smith  Charts,  the  traditional  design  of  an  antenna 
matching  network  by  engineering  experience  and  manual  calculation  means  Is  an 
extremely  time -consuming  task.  This  report  is  intended  to  relieve  the 
engineer  of  the  tedious  numerical  calculations  involved  in  the  network  design. 

Antenna  Matching  (ANTMAT)  ,  an  interactive  BASIC  language  conip'  ter  program 
to  aid  in  the  design  of  a  matching  network  for  a  broadband  antenna,  has  been 
developed,  (S.  T.  Li  and  D.  W.  S.  Tara,  NOSC  TD  1146,  September  1987). 
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An  optimization  algorithm  finds  the  value  of  the  components  that 
minimize  the  input  reflection  coefficients.  At  first,  the  ANTMAT  program  uses 
the  optimization  algorithm  with  an  exponential  weighting  function  for  the 
determination  of  a  list  of  network  candidates  from  which  a  matching  network 
topology  is  selected.  After  a  topology  (either  a  pi  network  or  a  T  network) 
is  specified,  the  optimization  algorithm  with  other  weighting  functions  finds 
the  values  of  the  components  that  minimize  the  input  reflection  coefficients. 


2.0  AN  OPTIMIZATION  ALGORITHM 
2.1  THE  MINIMIZATION  OF  VSTO. 


The  objective  of  designing  a  broadband  matching  network  is  to  minimize 
VSWR  over  the  operating  frequency  band.  VSWR  is  defined  as: 


VSWR  - 


(1) 


where  T  is  the  voltage  reflection  coefficient. 

Figure  1  shows  an  antenna  with  matching  network. 


Figure  1 .  Antenna  with  matching  network. 


Z£  is  the  antenna  impedance , 


ZT  is  the  impedance  at  the  matching- network 
L 


terminal.  Z  is  the  characteristic  Impedance,  which  is  50  ohms  for  the  Navy 


shipboard  application.  The  voltage  reflection  coefficient  can  be  expressed 


as : 


r 


(2) 


Consider  a  frequency  band  consisting  of  N  frequencies,  f^,  i  -  1,  2,  .... 

N.  The  impedance  at  the  matching- network  terminal  at  each  frequency  f  is 

ZT  .  The  reflection  coefficient  at  each  frequency  is  then; 
tai 

ZT  -  50 

ri  “  z”A~r~50  w^re  i-1,2,3 . N  (3) 

Li 


A  minimum  VSWR  in  the  specified  frequency  range  can  be  obtained  by  minimizing: 

N 

f(P1.P2rP3)  "  I  I ri I  . 

i**l 

where  p^,  ,  and  p^  are  component  values  of  a  desired  matching  network  which 

consists  of  three  branches. 

The  desired  matching  network  is  a  lossless  two-port  network, which  can  be 
realized  as  either  a  pi  network  or  a  T  network  as  shown  in  Figures  2  and 
3,  respectively.  The  pt  (or  T)  network  has  three  branches.  There  are  six 
possible  types  of  elements  (L,  C,  L-C  parallel,  L-C  series,  short-seriestand 
open-parallel)  for  each  branch  of  the  pi  (or  T)  network,  except  as  limited  by 
the  following  rules: 

1.  L-C  parallel  should  not  be  used  for  a  series  branch. 

2.  L-C  series  should  not  be  usi  for  a  parallel  branch. 

3.  Short-series  should  not  be  us^d  for  a  parallel  branch. 

4.  Open-parallel  should  not  be  used  for  a  series  branch. 

Figure  4  shows  the  six  possible  types  of  elements.  Each  type  of  element  may 
have  two  components,  one  component,  or  zero  components.  For  examples,  an  L-C 
parallel  element  consists  of  two  components,  but  a  short-series  element  has  no 
circuit  component. 

Since  f(p^,  p-j)  is  a  continuous  and  differentiable  function,  it  can 

be  minimized  by  any  method  of  optimization.  The  method  of  Steepest  Descent 
is  used  here. 


Figure  2.  Antenna  with  n  matching  network. 
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Figure 


3,  Antenna  with  T  matching  network. 


2.2  WEIGHTED  OPTIMIZATION  FUNCTION 


N 


As  an  alternative,  £  |r  |  can  be  replaced  by  a  weighted  optimization 

i-1 

function,  which  is 


N 


f -  I wjrj 

i-l  1  1 


(5) 


where  W^  is  a  weighting  factor  that  can  either  be  chosen  by  the  user  or 
calculated  by  the  program.  The  use  of  weights  allows  the  user  to  put  more 
emphasis  in  the  matching  over  certain  portions  of  the  frequency  range. 

The  weights  can  be  chosen  by  the  user  or  calculated  by  the  program.  There  are 
four  options  available  to  the  user  for  selecting  weights: 

1.  Exponential  weighting  function. 

2.  Around- the -average  weighting  function. 

3.  User  input  weights  on  selected  frequencies. 

4.  Weight  is  1  on  all  frequency  points. 

in  Cue  first  option,  the  weighting  factor  Is  assumed  to  be  in  proportion 
to  some  exponent  of  the  VSWR.  The  values  of  the  exponent  must  be  greater  than 
one  which  may  be  specified  by  the  user.  If  the  user  does  not  specify  an 
exponent  value,  an  exponent  of  1.02  is  used  in  the  program.  The  larger  the 
exponent  Is,  the  more  weight  Is  put  on  the  impedance  point  which  has  a  high 
VSWR,  It  will  pull  this  impedance  point  Into  the  definition  circle  on  the 
Smith  Chart  quickly.  However,  it  may  push  another  impedance,  point  which  has  a 
low  VSIih  outside  the  definition  circle.  The  weighting  factor  is  calculated  by 
the  following  expression: 


V  “■  J. 

r 


,  if  VSWRi  <  v 


(  J 

j 

|  (VSWR^)®  ,  If  VSWRj.  >  v 


(6) 


whore  W^  -  new  weighting  factor 

VSWR^  -  current  VSWR  value 

v  -  1.0,  if  user  does  not  input  any  value 

e  -  1,02,  if  user  does  not  input  any  value 

The  exponential  weighting  function  option  with  an  exponent  of  1.02  Is  used  In 
the  determination  of  network  topology  procedure. 
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The  second  option  is  intended  to  bring  each  VSWR  to  a  narrow  region 
around  its  average  value.  This  option  is  used  when  the  average  VSWR  value  is 
less  than  the  required  VSWR  value  (say  3:1). '  A  weighting  factor  is  assigned 
to  each  "requency  point  when  its  VSWR  is  greater  than  the  average  VSWR  value 
in  acco-Ocnce  with  the  following  calculations: 


W. 

1 


where 


LI  •  Maximum  (W  ,  W  .  .) ,  if  VSWR.  >  AVSWR 
c  o  Id.  l 

W  .  .  ,  if  VSWR.  <  AVSWR 

old  i  ~ 


(7) 


W^  -  new  weighting  factor 
Wc  -  CONST  *  (VSWRj  -  AVSWR)  +  1 
CONST  -  First  multiplier  for  average  weighting 
-2,  if  user  does  not  input  any  value 
VSWR^  -  Current  VSWR  value 
AVSWR  ~  Average  VSWR  value 
Wold  “  Current  weighting  factor 

LI  -  Second  multiplier  for  average  weighting 

“  1 ,  if  user  does  not  input  any  value.  However,  if  W  ^  -  1, 
then  LI  must  be  1. 


Maximum 


(»c.  «  uc  >  »old 

I  "old-  l£  "c  S  "old 


The  third  option  gives  user  a  chance  to  change  weighting  factor  at  any 
selected  frequency.  This  option  allows  the  user  to  put  more  emphasis  in 
certain  selected  frequencies  according  to  the  user's  engineering  judgment. 
The  last  option  sets  the  weighting  factor  to  1  on  all  frequency  points. 


2.3  Practical  Range  of  Component  Values 


In  general,  for  the  HF  frequency  band  (2-30  MHz) ,  inductors  should  be  In 


the  range  of  0.25  pH  to  12  pH.  Capacitors  usually  should  be  in  range  of  50  pF 
to  2500  pF.  Initial  component  values,  as  well  as  the  final  design  component 
values,  should  remain  within  these  practical  ranges.  The  establishment  of 
practical  ranges  is  based  on  physical  size  considerations. 


3.0  AN  ANTENNA  HATCHING  PROGRAM 
3 . 1  OVERVIEW  OF  THE  ANTMAT  PROGRAM 

The  ANTMAT  program  is  based  on  the  optimization  algorithm  described  in 
section  2  to  aid  in  design  of  a  matching  network  for  a  broadband  antenna.  It 
Is  written  by  using  Microsoft's  BASIC  language.  The  ANTMAT  is  a  function- 
driven  program.  That  is,  the  user  is  given  a  menu  of  the  various  functions 
that  the  program  can  perform.  From  this  menu,  the  user  selects  the  function 
or  sequencing  of  functions  that  allows  him  to  carry  out  the  desired  operation. 
The  menu  of  the  various  functions  are: 

1.  Read.  auuKiuxa  Impadauct:  Z  11a. 

2.  Determine  network  candidates. 

3.  Optimize  selected  network. 

4.  Adjust  component  value  manually. 

5.  List  network  candidates. 

6.  Digitize  impedance  plot  from  tablet. 

7.  Exit. 

Because  It  Is  of  a  function- oriented  nature,  ANTMAT  i3  driven  by  a  main 
routine  (called  "menu  driver")  that  waits  for  a  command  entered  via  the 
function  key,  processes  this  command,  returns  to  the  menu  driver,  and 
continues  in  this  manner  until  the  exit  function  is  chosen. 


3,2  DETERMINE  NETWORK  CANDIDATES 

This  section  discusses  the  determination  of  a  list  of  network  candidates 
from  which  a  network  topology  and  initial  component  values  are  obtained  by 
using  the  ANTMAT  program.  The  network  topology  is  either  a  pi  network  or' a  T 
network.  A  network  should  consist  of  as  few 
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components  as  possible  to  minimise  losses.  The  fewer  the  components  in  a 
given  uesign,  the  more  efficient  will  be  the  resulting  network.  The  number  of 
network  components  ranges  from  one  component  to  six  components.  This  is 
because : 

1.  There  are  three  branches  in  either  a  pi  network  or  a  T  network  (see 
Figures  2  and  3). 

2.  There  are  ni.x  possible  types  of  elements  in  a  branch.  Each  element 

may  consist  of  zero  components  (such  as  short-series  element  and  open-parallel 
element),  or  one  component  (such  as  L  element  and  C  element),  or  two 
components  (such  as  LCS  element  and  LCP  element)  as  depicted  in  Figure  4. 

The  ANTMAT  program  inquires  as  to  the  number  of  network  components.  The 
program  will  investigate  all  possible  networks  which  have  the  specified  number 
of  network  components  .  For  each  of  these  possible 

networKs ,  ANTMAT  uses  the  optimization  algorithm  described  in  section  2  to 
find  the  component  values  that  minimize  the  input  reflection  coefficient.  The 
initial  component  values  used  for  the  optimization  are  6.125  /iH  for  inductors 
and  1275  pF  for  capacitors,  which  are  the  middle  points  within  the  practical 
range  of  component  values.  The  number  of  iterations  for  the  optimization 
process  is  set  between  30  and  60  for  speeding  up  the  process.  However,  the 
user  can  override  these  preset  values.  The  exponential  weighting  function 
option  with  an  exponent  of  1.02  is  used  in  this  determination  of  network 

topology  procedure.  The  program  then  calculates  impedance  and  VSWR  with 
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matching  network  at  each  frequency.  For  each  and  every  possible  network  with 
the  specified  number  of  network  components,  the  ANTMAT  calculates  the  mean  (m) 
and  standard  deviation  (o)  of  VSWR  and  ranks  these  possible  networks  according 
to  the  following  ranking  factor  (RF) : 

RF-m+3o.  (8) 

The  network  with  the  lowest  value  of  RF  is  ranked  as  the  first  choice  among 
the  network  candidates .  A  network  with  a  negative  component  value  will  not  be 
considered  as  a  candidate.  A  network  with  a  component  value  outside  the 
practical  range  is  ranked  as  a  candidate  with  caution  (a  question  mark  is 


shown) .  The  ranked  network  candidates  can  be  saved  in  a  data  file  which  can 
be  recalled  by  using  the  "list  network  candidates"  command.  Usually  a  few  top 
ranked  networks  will  be  selected  for  further  consideration.  The  network 
topology  and  the  component  values  which  are  obtained  by  using  this  "determine 
network  candidates"  command  will  be  considered  as  inputs  to  execute  the  next 
"optimize  selected  network"  command. 

3.3  OPTIMIZE  THE  SELECTED  NETWORK 

Upon  the  completion  of  "determine  network  candidates"  command,  there 
exists  a  list  of  network  candidates  with  initial  component  values  available  to 
the  user.  The  user  will  select  a  network  from  the  list  for  further 
optimization  .  The  same  optimization  algorithm  described  in 

section  2  will  be  used.  However,  a  weighting  function  which  is  different  from 
the  exponential  weighting  function  can  be  employed.  These  weighting  functions 
are  discussed  in  section  2.2.  Usually  at  this  stage  of  the  design,  the  around - 
the-average  weighting  function  will  be  used.  The  number  of  iterations  for  the 
optimization  process  is  increased  from  between  30  and  60  to  between  100  and 
200. 

When  the  optimization  algorithm  finds  new  network  component  values  for  a 
specified  weighting  function,  the  user  should  decide  whether  these  component 
values  are  acceptable  and  are  to  be  saved  in  a  disk  file  for  future  use.  If 
the  component  values  are  not  acceptable,  the  user  should  return  to  menu  driver 
and  select  an  appropriate  command  to  continue  the  design  of  a  matching 
network. 


4.0  SUMMARY 

An  interactive  BASIC  language  computer  program  to  aid  in  design  of  a 
matching  network  for  a  broadband  antenna  has  been  described  .  The  ANTMAT  program 
provides  a  computer-aided  design  tool  for  determining  network  topology 
element  values  of  the  networks.  It  improves  the  speed  and  accuracy  of  the 
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broadband  marching  network  design  procedure.  An  optimzation  algorithm  finds 
the  values  of  the  elements  that  minimize  the  input  reflection  coefficient.  At 
first,  the  optimization  algorithm  with  an  exponential  weighting  function  is 
employed  for  determining  a  list  of  network  candidates  (either  a  pi  network  or 
a  T  network)  from  which  a  network  topology  is  selected.  After  a  topology  is 
specified,  the  optimization  algorithm  with  other  weighting  functions  is  used 
for  finding  optimum  element  values . 
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Design  Program  for  Microstrip  Antennas  with  a  Dielectric  Cover 


Randy  Bancroft 
P.O.  Box  179  Mail  Stop  H8080 
Martin  Marietta  Astronautics  Group 
Denver,  Colorado  80201 


Microstrip  Antennas  are  often  designed  with  a  dielectric  cover  (radome)  to  protect  the 
microstrip  element  from  the  environment  and  to  increase  power  handling  capability. 

A  program  to  design  covered  microstrip  antennas  has  been  written  using  equations  presented 
in  [1]  and  [2]  (in  Microsoft  FORTRAN  on  a  PC).  The  program  variables  are  defined  in  Figure  1. 

d=  Cover  thickness 
H=  Substrate  Thickness 


Figure  1 


Approximate  closed  form  equations  for  the  case  where  the  cover  is  air  are  readily  available[2]  and 
presented  below: 

(1)  L=(c/(2*Fr*VEe)-2*Al 

(2)  Al=0.412l!'H*((Ee-K).3)*(W/H-0.2674))/((Ee0.258)*(W/H+0.8)) 

(3)  Ee=(Er+l)/2+(Er-l)/(2*V(12*H/W)) 

Where:  c^Speed  of  light 

Fr=Patch  resonant  frequency 

Ee=Effective  dielectric  constant  of  patch  with  no  dielectric  cover 
Al=Capacitive  cutback  factor 
Er=Substrate  dielectric  constant 
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The  percentage  change  in  resonant  frequency  of  the  covered  to  uncovered  case  is  presented  in  [2], 
equations  (4)  and  (5)  below: 

(4)  AFr/Fr=(VEeWEeo)WEe 

If  Ee=Eeo+AEe  and  AEe  <=  0.1  Eeo,  then  (5)  is  more  accurate 

(5)  AFr/Fr=(AEe/Eeo)/(2*(l+l/2*AEe/Eeo)) 

Where:  AFr=Change  in  resonant  frequency 

Eeo=Effective  dielectric  constant  of  antenna  without  radome  and  substrate 
Ee-Effective  dielectric  constant  of  antenna  with  radome  and  substrate 

The  effective  dielectric  constant  of  the  radome  covered  antenna  may  be  found  from  [1]  as: 


(6)  Ee=Cd/Co 
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Where:  Cd=Line  capacitance  with  dielectric  present 

Co=Line  capacitance  without  dielectric  present 
Eo=Permittivity  of  free  space 

The  characteristic  impedance  of  the  line  is  given  by: 

(8)  Zo=l/(Co*c) 

(9)  Z=Zo/VEe 


Where:  Zo=Line  impedance  without  dielectric 
Z=Line  impedance  with  dielectric 


The  integral  presented  in  equation  (7)  was  approximated  using  a  96-point  Gaussian 
quadrature  [3]  equation  (10)  below: 


Where:  Wi=Gaussian  weights 
+/-  Zi=Gaussian  abscissas 

This  approximation  was  compared  to  the  results  of  [1]  and  [2]  with  good  agreement.  A 
further  comparison  of  equations  (3)  and  (6)  was  undertaken.  It  was  discovered  that  for  values  of 
’.<W/H^15  and  l<Er<10,  equation  (3)  was  within  1%  of  (6)  for  the  uncovered  case.  The 
computer  program  uses  (6)  in  place  of  (3)  for  the  open  patch  in  (1)  and  (2). 


Equation  (1 1)  predicts  the  resonant  frequency  of  the  open  patch  and  when  multiplied  by 
equation  (4)  or  (5)  produces  a  value  of  AFr  for  the  covered  case.  The  integration  in  (7)  is 
independent  of  the  patch  length  and  therefore  the  effective  dielectric  constants  used  in  (4)  and  (5)  are 
also  independent  of  patch  length. 


(1 1)  Fr=  c/(2*(L+2*AlWEeo) 

Equation  (12)  is  an  expression  which  may  be  written  in  terms  of  patch  length  only. 
Equation  (1 1)  may  be  substituted  into  (12)  to  obtain  (13) 


(12)  Fr*(l-AFr/Fr)-Df=0 
Where:  Df=Design  Frequency 

(13)  L=((l-AFi/Fr)*c)/(2+VEeo*Df)-2Al 

Equation  (4)  or  (5)  may  be  substituted  into  (13)  to  produce 

(14)  L=((l-Var)*c)/(2*VEeo*Df)-2Al 
Where:  Var=AFr/Fr  as  defined  in  (4)  and  (5) 


The  dielectric  covered  microstrip  patch  length  may  now  be  obtained  from  Equation  (14). 


Patch  Size  Vs.  Radome  Thickness  Er=2.17 


Radome  Thickness  (Wavelengths) 

Figure  2a 
H=0.05  lambda 


Fiqurc  2a  presents  a  plot  of  patch  length  vs.  ladorne  thickness  for  the  special  case  of 
Erl=Er2=2.17  (all  graph  values  are  in  free  space  wavelengths).  The  graph  indicates  that  the  patch 
length  approches  an  asymptotic  value.  This  result  is  consistent  with  Ee  approaching  Er  as  the 
radome  thickness  becomes  infinite.  This  patch  length  value  remains  essentially  unchanged  beyond 
a  one-hilf  wavelength  thick  radome.  The  total  patch  size  change  is  1.56%. 


Patch  Size  Vs.  Radome  Er  Er2=2.17 


Figure  2b 
H-=0.025  lambda 

Figure  2b  shows  the  relationship  between  patch  size  and  radome  dielectric  constant  with  the 
radome  thickness  held  constant  at  one-tenth  wavelength.  This  range  of  dielectric  constants 
produces  about  a  14%  patch  size  change. 
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Patch  Size  Vs.  Radome  Thickness  ITr-10.2 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 

Radome  Thickness  (Wavelengths) 

Figure  3a 
H=0.05  lambda 

Figure  3a  again  presents  a  plot  of  patch  length  vs.  radome  thickness;  this  time  for 
Erl=Er2=10.2.  Note  that  beyond  one-half  wavelength  the  patch  length  change  is  again  negligible 
as  was  the  case  in  Figure  2a.  The  total  length  change  is  3.14%  in  this  case. 


patch  Size  Vs,  Radome  Ec  Er2=10.2 


Figure  3b 
H=0.025  lambda 

Figure  3b  is  the  same  as  Figure  2b  with  a  substrate  dielectric  constant  of  10.2.  The  patch 
length  is  less  affected  by  this  range  of  radome  dielectric  constants  than  that  shown  in  Figure  2b,  as 
expected  For  this  case  the  total  change  is  9.14%  vs.  14%  for  Figure  2b. 
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Experimental  Results: 

The  experimental  results  in  [6]  correlate  very  well  with  predicted  theoretical  values. 

However,  experimental  verification  of  the  predicted  dimensions  of  radomed  microstrip  antennas  has 
been  less  than  successful  for  this  author.  Below  are  the  results  for  a  pair  of  antennas  constructed 
using  3M  CUCLAD  233  microwave  substrate  (Erl=Er2=2.33  H=0.062"  D=0.  52").  Impedance 
and  return  loss  were  measured  using  an  HP  8510  automatic  network  analyzer. 

Patch  1  W=0 . 9575"  L=0.9502"  +/-  0.001" 

Patch  2  W=0 .9516"  L=0.9521"  +/-  0.001" 


Patch  1 
Patch  2 


No  Radome  Radome 


Resonant  Frequency  (GHz)  Resonant  Frequency  (GHz)  Frequency  change  % 


Predicted  Measured 

Predicted  Measured 

Predicted  Measured 

3.958  3.83 

3.896  3.63 

1.56%  5.22% 

3.951  3.82 

3.889  3.60 

1.56%  5.75% 

The  uncovered  antenna  resonant  frequency  predictions  are  too  high  by  about  1.5%.  The 
predicted  percentage  change  from  the  open  to  radomed  case  may  be  seen  to  be  1.56%  vs. 
annroxunatelv  5%  experimental. 

4  A  -  > 

Antennas  fabricated  for  the  SICBM  program  at  Martin  Marietta  have  mirrored  this 
discrepancy  between  theory  and  experiment.  The  difference  in  experimental  results  beween  [6]  and 
the  author's  results  am  not  readily  explainable.  Reference  [6]  presents  two  sets  of  data  for  the  same 
prototype  antenna.  Upon  more  careful  examination,  it  appeared  that  the  data  matched  theory  well 
only  when  the  patch  area  alone  was  covered.  Experimental  data  in  a  second  table  gave  measured 
values  of  percentage  change  in  frequency  with  the  antenna  complctly  covered  with  dielectric.  The 
predicted  theoretical  values  were  not  included  for  comparison.  This  author  generated  the 
predictions  and  noticed  that,  for  10  significant  data  points,  the  mean  difference  between  theory  and 
experiment  was  2.03.  Other  data  not  published  here,  also  showed  the  factor  of  two  change.  A 
factor  of  two  was  placed  into  equation  (14)  due  to  these  empirical  considerations  and  is  rewritten  as 
(15). 


(15)  L=((l-2*Var)*c)/(2WEeo*Df)-2Al 


Equation  (15)  is  used  in  the  author's  computer  program.  The  experimental  data  consulted 
indicates  drat  (15)  should  be  accurate  within  3.9%  for  2.1<Er2<2.55 , 2.1<Erl<10.5  and  d/H<2.0. 
The  new  predictions  vs.  the  measured  data  are  iri  the  table  beiow.  The  delta  is  close  to  the  accuracy 
expected  for  most  open  patch  formulas. 


2AFr/Fr 

measured 

Patch  #1 

3.17% 

5.22% 

Patch  #2 

3.18% 

5.75% 

A  -  2.04% 
A  -  2.56% 


A  further  examination  will  be  undertaken  in  the  future  to  determine  if  a  theoretical  basis  exists 
for  the  factor  of  two  introduced  in  (15). 
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The  program  calculates  S:1  VSWR  bandwidth  using  a  formulation  presented  in  [4].  This 
treatment  argues  that  the  bandwidth  of  a  1/4  wave  patch  is  approximately  80%  of  the  bandwidth  of  a 
1/2  wave  patch.  This  difference  is  attributed  to  the  fact  that  the  radiation  Q  for  a  single  radiating 
edge  is  different  from  that  of  two  edges  because  of  mutual  coupling  effects.  The  patch  radiation 
efficiency  is  calculated  from  [5],  while  the  directivity  is  from  [2]  as  are  the  impedance  and  edge 
resistance  calculations.  The  bandwidth  and  gain  calculations  agree  well  with  experiment  but  tend  to 
be  slightly  low.  Feed  point  impedance  calculations  also  agree  very  well.  The  measured  return  loss 
and  input  impedance  for  patch  1  are  -25.63  dB  and  45.77  -j5.09  ohms  respectively  for  the  open 
patch.  When  the  radome  was  attached  ’t  became  -22.92  dB  and  55.93  +J4.10  ohms  respectively. 
Patch  2  showed  similar  results. 


Conclusion: 

A  Fortran  program  has  been  presented  which  predicts  dimensions  for  a  rectangular  microstrip 
patch  antenna  within  1.5%  without  a  radorne  and  3.0%  with.  The  program  designs  quarter  or 
half  wavelength  square  or  rectangular  patches  and  predicts  the  location  of  a  prole  feed  when 
provided  with  a  desired  real  input  impedance.  It  provides  bandwith  and  gain  information  of  use  to 
the  microstrip  antenna  designer. 
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EFFICIENT  COMPUTATION  OF  THE  FAR  FIELD  OF  DUAL 
OFFSET  REFLECTOR  ANTENNAS  WITH  OFFSET  FEEDS 


John  S.  Hoover  Larry  Q.  Bowers 

Martin  Marietta  Astronautics  Group 
Denver,  Colorado  80201 


I.  INTRODUCTION 

An  efficient  method  of  computing  the  far  field  of  dual  offset 
reflector  antennas  with  offset  feeds  has  been  developed  and  validated  by 
measurement  iri  the  Martin  Marietta  Near  Field  Test  Facility.  The  method 
relies  on  the  use  of  Geometrical  Optics  to  evaluate  the  vector  field  in  the 
aperture  of  the  reflector  on  a  grid  of  equally  spaced  points.  Once  the 
aperture  fields  have  been  computed,  two-dimensional  discrete  Fourier  Transform 
techniques  are  used  to  rapidly  compute  the  far  field  radiation  patterns  and 
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are  also  used  to  compute  principal  plane  far  fields  directly  from  the  aperture 
field  data.  A  modified  form  of  the  Cooley-Tukey  FFT  algorithm  allows  densely 
spaced  far  field  data  computation  over  a  specified  angular  range,  making  no 
unnecessary  intermediate  calculations. 


The  method  differs  from  that  described  In  [1]  in  three  ways.  Dual 
reflector  surfaces  are  analyzed  by  modification  and  extension  of  the 
reflection  point  location  algorithm.  Secondly,  reflector  surface  errors 
(usually  derived  from  accurate  mechanical  measurements)  can  be  accounted  for 
in  the  computations  allowing  a  quantitative  evaluation  of  the  effects  of 
surface  error  on  the  beam-steered  far  field  pattern.  Finally,  the  reflected 
field  divergence  Is  obtained  directly  from  the  gradient  computations 
associated  with  the  numerical  location  of  reflection  points  on  the  dual 
reflector  surfaces,  thus  minimizing  the  computer  time  required  for  evaluation 
of  the  aperture  field. 


The  analytical  techniques  and  algorithms  associated  with  this  method 
(as  well  as  some  Important  considerations)  are  discussed  In  detail  below. 


Comparison  of  computations  and  meaurements  of  a  20  foot  diameter  Cassegrain 
antenna  (operating  at  13.6  GHz)  not  only  demonstrate  validity  of  the  modeling 
techniques,  but  also  show  that  much  insight  into  beam-steered  dual  reflector 
design  and  optimization  can  be  gained. 

II.  EVALUATION  OF  THE  APERTURE  FIELD 

Figure  1  illustrates  the  geometry  of  the  offset  dual  reflector 
antenna  as  well  as  the  aperture  plane.  The  aperture  plane  is  positioned 
perpendicular  to  the  axis  of  the  paraboloid,  a  fixed  distance  (in  the 
Z  dimension)  from  the  vertex  of  the  parent  paraboloid.  Rays  emanating  from 
the  feed  strike  the  aperture  plane  at  various  points  depending  on  the 
reflection  points  on  the  dual  reflector  surfaces. 

In  order  to  evaluate  the  Geometrical  Optics  vector  reflected  field  at 
each  of  the  aperture  grid  points,  the  asociated  reflection  points  on  the 
reflector  surfaces  must  be  determined.  For  electrically  large  apertures,  this 
can  be  a  formidable  task  since  there  is  no  "closed  form"  solution  for 
arbitrary  aperture  and  feed  point  locations.  In  one  form  or  another,  a 
numerical  algorithm  is  required  to  determine  the  reflection  points  by 
successive  iteration. 

In  [1],  this  is  accomplished  by  numerical  minimization  of  the 
distance  function  between  feed  and  aperture  points  along  the  reflected  ray 
path.  The  technique  described  here  makes  use  of  an  error  function  defined  in 
aperture  plane  coordinates  and  numerically  drives  the  error  to  zero  resulting 
in  a  solution  for  tho  reflection  points  for  a  desired  aperture  point. 

Referring  to  Figure  1,  the  process  is  initiated  with  the  choice  of  a  ray 
direction  from  the  feed,  R,  This  vector  is  then  stepped  (minutely)  In  the  $ 
and  o  directions  to  produce  R^  and  R0  .  R,  R^  and  R0  are  then  traced  to 
the  apertavs  to  determine  the  corresponding  aperture  point  locations.  If  the 
error  function  is  defined  as  the  distance  (in  aperture  plane  coordinates) 
between  the  desired  aperture  point  and  the  "ray-traced"  aperture  point,  then 
the  zero  of  this  function  chouid  correspond  to  the  value  of  R  which  satisfies 
the  law  of  reflection.  The  gradients  of  the  error  function  can  be  written  as: 


and  are  easily  evaluated  numerically.  From  these  quantities,  a  new  value  of  R 
is  determined,  and  the  process  is  repeated  until  the  error  is  insignificant. 
This  algorithm  is  extremely  efficient  in  that  it  is  not  computationally 
intensive,  and  convergence  is  typically  achieved  in  1  to  3  Iterations. 

Once  the  reflection  points  associated  with  an  aperture  grid  point 
have  been  determined,  the  Geometrical  Optics  vector  reflected  field  can  be 
computed.  As  given  by  Kouyoumjian  [2],  the  reflected  field  is: 

Er  -  Ej{Qr)  •  R  ®  A(s)  exp(-jks) 

Eo  exp(-jks') 

Ej(Qr)  - - — 

s’ 

=  1  0 

R  - 

0  -1 


E i (Qr )  the  vector  incident  field  at  the  point  of  reflection  resolved 
Into  the  components  which  permit  the  use  of  the  reflection  dyad,  R.  A ( s )  is 
the  divergence  coefficient  which  describes  the  divergence  of  the  wavefront  as 
it  reflects  from  QR  and  radiates  outward.  As  such,  the  quantities  pf 
and  piT  are  the  principle  radii  of  curvature  of  the  reflected  wavefront 
evaluated  at  the  reflection  point,  QR. 

For  a  single  reflection  (with  spherical  wave  incidence)  the 
evaluation  of  the  divergence  coefficient  Is  a  relatively  simple  matter. 
Multiple  reflections  from  doubly  curved  surfaces,  however,  make  this 
computation  difficult  and  time  consuming  since  the  reflected  wavefront  radii 
of  curvature  are  functions  of  the  Incident  wavefront  radii  of  curvature,  the 
radii  of  curvature  of  the  surface,  and  the  principle  directions  of  the  surface 


and  incident  wavefront.  For  these  reasons, 
divergence  coefficient  is  used: 
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In  this  way,  the  divergence  of  the  wavefront  from  feed  to  aperture  point  is 
accounted  for  and  conservation  of  power  in  a  "ray  tube"  is  satisfied.  With 
reference  to  Figure  1,  It  can  also  be  seen  that  these  computations  are  the 
same  as  those  performed  in  the  gradient  calculations  associated  with  the 
reflection  point  location  algorithm.  This  allows  for  an  extremely  efficient 
evaluation  of  the  vector  field  In  the  aperture  of  the  dual  reflector  antenna. 


III.  EVALUATION  OF  THE  FAR  FIELD 

Once  the  vector  reflected  field  has  been  evaluated  in  the  aperture 
plane,  the  data  must  be  Integrated  to  obtain  the  far  field.  Conventional 
aperture  Integration  techniques  can  be  employed,  however,  they  are  usually 
computationally  intensive  for  even  moderately  sized  apertures.  Fast  Fourier 
Transform  (FFT)  techniques  are  Ideal  since  they  are  not  computationally 
intensive  and  can  be  employed  to  compute  the  complete  spatial  pattern  (in  the 
forward  hemisphere)  or  principal  plane  far  field  patterns. 


The  transformation  techniques  used  to  produ  4  far  field  data  from 
near  field  measurements  In  the  Martin  Marietta  Near  Field  Facility  are 
essentially  the  same  as  those  used  in  the  modeling  method  described  here.  In 
the  test  facility,  near  fields  are  measured  on  an  equally  spaced  grid  of 
aperture  points  on  a  plane  parallel  to  the  radiating  aperture.  As  described 
above,  the  analytical  model  computes  the  near  field  along  a  similarly 
positioned  sample  lattice.  The  antenna  far  field  radiation  patterns  are  then 
computed  in  the  same  manner.  Differences  between  far  field  measurements  and 
those  predicted  by  theory  are  traced  to  near  field  disagreement  and  usually 
Indicate  the  source  of  error  in  the  model. 

The  far  field  Is  related  to  the  near  field  by 

M  N 

A(kx,ky)  -  X  L  E(xj,yj)  ©~P(-K/il-  c  +  )'jky)) 

i-1  j-1 


(1) 


The  far  field  argument,  (kx,ky)  is  in  wave  number,  actually  the  Cartesian  unit 
vector  components  scaled  by  the  propagation  constant.  The  far  field  location 
is  represented  by  the  unit-vector  u,  in  the  same  coordinate  system  as  the  near 
field.  The  three  components  of  u  are 

U  “  UXX  4*  Uyy  +  UjZ  (2) 


The  wave  number  far  field  argument  is 

k  »  (2ft/X)u 


(3) 


Principal  plane  cuts  are  more  efficiently  determined  by  rewriting  (1)  as 
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A(kx.ky)  -  Z 


Z  E(xj,yj)  exp(-jyjky) 


exp(-jxjkx) 


(4) 


l—  — * 

This  form  Is  convenient  because  each  of  the  rows  of  the  two  dimensional  near 
field  matrix  may  first  be  collapsed  to  a  single  value,  represented  by  the 
inner  summation.  The  outer  summation  is  then  performed  on  the  resulting 
column  vector  for  each  far  field  value  desired.  For  principal  plane  pattern 
calculations,  far  less  arithmetic  operations  are  required  than  would  be 
necessary  for  a  two  dimensional  FFT  [3]. 


Directivity  is  computed  from  both  the  analytical  and  measured  near 
field  from 


D-(4tc/X2)  (Ax)2  (Ay)2  A(kx,ky)  (5) 

where  delta  x  and  delta  y  are  the  near  field  sample  spacings  in  x  and  y.  The 
maximum  directivity  of  the  far  field  pattern  is  the  value  of  (5)  for  which 
A(kx,ky)  is  maximized, 

IV,  CONSI  DC, RATIONS 

In  reality,  most  reflector  surfaces  show  some  degree  of  deviation 
from  the  Ideal  analytic  curves  and  can  be  expected  to  alter  the  far  field 
pattern  with  respect  to  that  one  would  predict  for  a  perfect  surface.  The 


analytical  method  decribed  here  lends  Itself  well’to  the  study  of  these 
effects.  If  the  surface  deviations  are  much  less  than  a  wavelength  (as  they 
are  for  most  functional  high  gain  antennas),  then  the  phase  of  the  aperture 
field  can  be  modified  appropriately  based  on  a  knowledge  of  the  local  surface 
deviation.  If  the  aperture  plane  is  placed  close  to  the  antenna,  tne  effects 
on  the  divergence  of  the  wavefront  can  be  ignored,  and  the  amplitude  of  the 
field  can  be  computed  as  described  above. 

Dual  reflector  antennas,  in  many  cases,  exhibit  significant  aperture 
blockage  due  to  the  subreflector  and  strut  supports.  This  can  be  accounted 
for  in  this  method  by  shadowing  the  aperture  and  assuming  the  field  to  be  zero 
in  those  regions  of  the  aperture  where  the  rays  are  blocked  by  reflector 
structures.  Again,  this  works  well  when  the  aperture  plane  is  located  as 
close  to  the  reflector  as  possible. 

Computer  time  computational  requirements  are  an  important  part  of  the 
evaluation  of  techniques  and  methods  such  as  that  described  here.  If  a  20 
foot  diameter  aperture  is  analyzed  at  13.6  GHz  using  a  512  x  512  aperture 
point  array,  the  number  of  aperture  points  is  262,144.  If  the  grid  spacing  is 
chosen  to  be  three  quarters  of  a  wavelength,  then  two  dimensional  FFT 
processing  will  produce  valid  far  field  data  out  to  45°  off  boresight  of  the 
antenna  (this  also  corresponds  to  the  alias  free  range).  The  computer  time 
required  to  compute  this  far  field  is  approximately  one  CPU  hour  on  a  DEC  VAX 
11/780  computer  system.  Considering  the  fact  that  the  antenna  Is  275 
wavelengths  In  diameter  and  that  far  field  data  in  a  90s  cone  about  boresight 
Is  produced,  this  computer  time  benchmark  clearly  shows  that  this  method  is 
extremely  quick  and  efficient. 

IV.  COMPUTED  AND  MEASURED  RESULTS 

Figure  2  shows  the  geometry  of  the  antenna  used  to  validate  the 
pattern  prediction  method.  The  20  foot  diameter  reflector  was  measured  at 
12.0,  13.6,  and  15.2  GHz.  The  feed  was  mounted  on  a  fixture  allowing  all 
three  dimensions  of  translation  and  one  angle  of  rotation.  The  subreflector 
support  also  allowed  these  independent  variable  positioning  alternatives. 

These  fixtures  were  designed  to  provide  accurate  focusing  capability  of  the 
antenna  and  accurate  steering  of  the  beam  using  both  feed  and  subreflector 
movement. 


Surface  deviations  of  this  reflector  are  large  enough  to 
significantly  modify  the  far  field  radiation  pattern.  The  surface  was 
measured  mechanically  and  the  measurements  incorporated  Into  the  model  as 
described  above.  Figure  3  illustrates  the  mechanical  fixture  used  to  measure 
the  deviation  of  the  reflector.  Dial  guages  were  mounted  to  a  parabolic 
reference  template  with  focal  length  equal  to  that  of  the  reflector.  The 
template  was  aligned  so  that  it  rotated  about  the  axis  of  the  parabola. 

Surface  deviation  was  measured  along  16  radial  locations  every  7.5  degrees  of 
template  rotation  and  are  shown  in  contour  and  format  in  Figure  4.  Far  field 
patterns  for  a  perfect  reflector  surface  are  compared  to  those  with  the 
measured  reflector  surface  in  Figures  5(a)  and  5(b)  at  13.6  GHz.  The  measured 
pattern  of  this  antenna  is  shown  in  Figure  6(b).  The  surface  is  seen  to 
significantly  modify  the  sidelobe  structure  and  decreases  the  peak  directvity 
by  0.73  dB.  Subsequent  predictions  of  pattern  performance  all  incorporate 
this  mechanical  reflector  surface  deviation  measurement. 

The  antenna  was  focused  using  near  field  measurements  almost 
exclusively.  Before  measurements  were  begun,  the  analytical  model  was  used  to 
explore  Imperfections  in  the  near  fields  caused  by  misalignment  of  the  feed 
and/or  subreflector  to  gain  insight  into  the  effects  of  these  misalignments. 
Computations  associated  with  translation  and  rotation  of  the  feed  and 
subref lector  from  their  nominal  positions  showed  that  each  mlsaligr  lent 
possibility  uniquely  perturbs  the  near  field.  These  perturbations  could  be 
recognized  in  a  single  near  field  cut  across  the  aperture.  Each  iteration  of 
adjustment  consisted  of  measuring  and  displaying  near  fields  along  a  single 
pass  of  the  probe  through  the  center  of  the  aperture,  and  moving  feed 
components  based  on  the  interpretation  of  this  measurement.  The  usual  lengthy 
mechanical  alignment  procedure  was,  thus,  avoided. 

Focused  far  field  measurements  at  13.6  GHz  are  shown  in  Figure  6(a) 
and  the  associated  model  prediction  in  Figure  6(b).  Directivity  and  beamwidth 
measurements  and  predictions  for  12.0,  13.6,  and  15.2  GHz  are  shown  in 
Table  1.  The  agreement  between  measurement  and  computations  is  very  good. 
Deviations  in  the  sidelobe  areas  are  due  to  an  Inadequate  representation  of 
the  surface  errors  In  the  model.  The  agreement  In  the  sidelobe  regions  could 
be  improved  if  more  densely  spaced  surface  measurements  were  Incorporated  In 
the  model. 


High  performance  beam  steering  by  movement  of  the  feed  horn  requires 
the  phase  center  of  the  feed  to  be  positioned  along  an  optimal  surface,  and 
the  feed  to  be  tilted  at  an  optimum  angle.  The  computer  model  (described 
here)  was  used  to  find  the  positions  and  tilt  angles  of  the  feed  horn  for 
which  directivity  was  maximized  for  each  desired  angle  of  beam  steering  before 
the  measurements  were  conducted.  Figures  7(a)  and  7(b)  show  the  measurement 
and  prediction  of  the  steered  plane  patterns  for  beam  steer  angles  of  from  0 
to  4.5  degrees,  representing  18  beamwidths  of  steering.  Figures  8(a)  and  8(b) 
show  the  measurement  and  prediction  of  the  sidelobe  structure  for  the 
extremely  steered  cased.  Figure  9  shows  the  measured  and  predicted  beam 
steering  loss  for  these  cases.  As  can  be  seen,  the  agreement  between 
measurement  and  computations  is  extremely  good. 

Beam  steering  may  also  be  performed  by  moving  the  subreflector. 
Optimal  positions  and  tilt  angles  of  the  subreflector  were  determined  using 
the  model  before  measurements  were  conducted,  then  demonstrated  with 
measurement.  Figures  10(a)  and  10(b)  show  the  measured  and  predicted  steered 
plane  performance  of  subreflector  tilt  for  angles  up  to  2  degrees,  or  8 
beamwidths  of  steering  at  13.6  GHz.  Again,  the  agreement  between  measurement 
and  computations  is  very  good. 

V.  CONCLUSIONS 

An  efficient  method  of  computing  the  far  field  of  dual  offset 
reflector  antennas  with  offset  feeds  has  been  described  in  detail.  Comparison 
of  results  with  measurements  conducted  in  the  Martin  Marietta  Near  Field 
Antenna  Test  Facility  clearly  demonstrate  the  validity  of  the  method  and 
suggest  some  improvements  which  could  enhance  the  capability  to  predict  the 
far  out  sidelobe  region  of  the  pattern.  Although  they  have  not  been 
discussed,  many  of  the  design  problems  and  issues  associated  with  this  class 
of  antennas  can  be  addressed  and  studied  using  the  techniques  described  here. 
The  versatility  and  speed  of  these  techniques  allows  the  antenna  designer  to 
vary  a  wide  range  of  parameters  in  a  short  period  of  time  in  the  process  of 
developing  the  best  possible  antenna  system  design  for  a  given  set  of 
requirements. 
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In  conclusion,  several  significant  enhancements  to  the  model  should 
be  noted.  First,  a  more  appropriate  method  of  incorporating  reflector  surface 
deviations  should  be  implemented  when  these  deviations  are  significant.  The 
method  should  account  for  the  incident  angle  (with  respect  to  the  local 
surface  normal)  of  the  ray  field  when  these  angles  become  large.  Secondly, 
measured  co-  and  cross-polarized  feed  patterns  in  amplitude  and  phase  should 
be  used  wherever  possible  so  long  as  these  patterns  are  accurate.  Lastly,  the 
edge  diffracted  field  (and  slope  diffracted  field)  of  the  subreflactor  [2] 
associated  with  the  incident  field  from  the  feed  should  be  evaluated  at  the 
surface  of  the  main  reflector  and  subsequently  computed  in  the  aperture  plane 
when  the  subreflector  edge  illumination  is  significant. 


VI. 
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Figure  2  Antenna  Model  Geometry  Specification 
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Figure  4  Mechanically  Measured  Reflector  Surface  Deviation 


‘  >v.  fi  -  fa.'  -v  -iBrirS-  *  Afii  4 


elevation  angle,  degrees  *  azimuth  angle,  degrees 
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Figure  6(a)  Predicted  Far  Field  Pattern  Including  Effect 

of  Surface  Deviations 


Figure  6(b)  Measured  Far  Field  Pattern 


Table  1  Directivity  and  Beamwldth  Comparisons 
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Figure  8(a)  Predicted  tar  Field  Pattern  Showing  Sidelobe 
Structure  for  Extremely  Steered  Case 
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Figure  8(b)  Measured  Far  Field  Pattern  Showing  Sidelobe 
Structure  for  Extremely  Steered  Case 


Figure  9  Comparison  of  Predicted  and  Measured  Beam 
Steering  Loss  (Feed  Movement) 
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DEVELOPMENT  AND  VALIDATION 
OF  A  NEW  VERSION  OF  THE  NEC-BSC 
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The  Ohio  State  University 
ElectroScience  Laboratory 
1320  Kiiuiear  Road 
Columbus,  Ohio  43212 

The  NEC  -  Basic  Scattering  Code  is  a  user  oriented  computer  code  based 
on  the  Uniform  Geometrical  Theory  of  Diffraction  (UTD).  It  can  be  used  to 
model  complex  scattering  structures  with  multiple  flat  plates  and  finite  elliptic 
cylinders.  The  new  version  under  development  also  allows  the  use  of  multiple 
sectioned  cone  frustums  and  finite  composite  ellipsoids.  A  brief  discussion  of 
the  new  capabilities  of  this  version  will  be  given'.  Some  of  the  experiences  in 
developing  a  code  which  is  approaching  20,000  lines  in  length  will  be  presented. 

Validation  of  the  code  is  one  of  the  central  issues  that  needs  to  be  addressed 
before  a  new  version  can  released.  Not  only  does  the  new  features  that  were 
added  to  the  code  need  to  be  checked,  but  also  so  does  previous  capabilities 
need  to  be  re- validated.  This  becomes  more  and  more  difficult  as  the  number 
of  applications  for  a  code  increases.  The  developer  can  strive  for  a  structured 
environment  whereby  changes  can  be  made  without  effecting  the  rest  of  the 
code,  but  can  this  be  insured?  Experience  has  shown  that  a  code  should  be 
sent  to  at  least  a  few  knowledgeable  but  separate  users  to  exercise  the  code. 
This  can  help  And  bugs,  since  a  different  user  may  set  up  the  same  problem 
in  a  slightly  different  way  and  can  try  various  other  applications. 

Validation  of  a  result  can  obviously  be  made  by  checking  the  code  against 
alternative  codes  or  measurements.  Of  particular  concern  to  a  UTD  code, 
however,  is  when  discrepancies  arise  in  the  comparison  to  what  can  they  be 

_ i._J  t_  _ _ _ if _ _ #  •  .  .  *  a  x  •  «  .i  *  •  .  x...  Vfmr\ 

ouiiuuvcu.  i9  ib  a  cuuiiig  uug,  mcujrjr  limitation,  or  lac*  01  an  important  uid 
term?  A  challenging  problem  is  to  construct  test  problems  that  will  answer 
whether  an  individual  UTD  term  is  correct  or  not.  This  is  very  difficult  because 
alternative  methods  normally  give  the  total  result  only.  Self  consistency  checks 
is  one  way  of  addressing  this  problem. 

Validation  of  the  input  geometry  and  the  code’s  understanding  of  the  ge¬ 
ometry  is  also  an  issue.  Graphics  is  one  way  of  helping  the  user  validate  the 
input  set.  Just  drawing  a  pretty  picture,  however,  is  not  enough.  Experience 
has  shown  that  drawing  a  picture  using  the  same  geometry  algorithms  that 
the  EM  code  uses  helps  find  more  bugs.  These  and  other  issues  of  validation 
of  UTD  codes  will  be  discussed. 
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1  Introduction 


The  NEC  -  Basic  Scattering  Code  is  a  user  oriented  computer  code 
based  on  the  Uniform  Geometrical  Theory  of  Diffraction  (UTD).  It  can 
be  used  to  model  complex  scattering  structures  with  multiple  flat  plates 
and  finite  elliptic  cylinders  [1,2].  The  new  version  under  development  [3] 
also  allows  the  use  of  multiple  sectioned  cone  frustums  and  finite  com¬ 
posite  ellipsoids  [4,5].  A  brief  discussion  of  the  new  capabilities  of  this 


version  will  be  given.  It  adds  to  many  of  the  details  given  in  &  pr< 
discussion  of  its  immediate  predecessor  [6]. 


Some  of  the  experiences  in  developing  a  code  which  is  approaching 
20,000  lines  in  length  will  also  be  presented.  In  addition,  how  some 
of  the  validation  issues  from  the  code  developers  point  of  view  will  be 
addressed.  Two  graphics  codes  which  are  helpful  tools  tbx  developing 
and  validating  the  code  are  discussed.  The  first  is  for  plotting  the 
geometry,  the  second  is  for  pattern  plots. 


2  NEC-BSC  V3.1  Capabilities 

As  reported  last  year  [6],  the  NEC-BSC  scattering  code  is  in  the  process 
of  being  improved.  The  changes  previously  discussed  were  centered  on 
improving  ihe  structure  of  the  code  and  the  addition  of  many  useful  user 
oriented  features.  Since  then  improvements  in  modeling  capabilities 
have  taken  place.  In  particular,  a  multi- sectioned  elliptic  cone  frustum 
and  a  composite  finite  ellipsoid  capability  have  added.  At  the  time  of 
this  talk,  this  version  of  the  code  is  going  through  a  validation  and 
documentation  process. 

An  overall  summary  of  the  new  version  of  the  code  is  outlined  here. 


•  User  oriented  command  word  based  input  structure. 

•  Pattern  calculations. 

—  Near  aone  source  fixed  or  moving. 

—  Far  son*  observer. 

—  Near  zone  observer. 

•  Single  or  multiple  frequencies. 

•  Antenna  to  antenna  sptcial  coupling  calculations. 

—  Near  zone  receiver  fixed  or  moving. 

®  Efficient  representation  of  antennas . 

—  Infinitesimal  Green’s  function  representation. 

—  Six  built,  in  antenna  types. 

—  Linear  interpolation  of  table  look  up  data. 

-  Method  of  Moments  code  or  Reflector  Code  interface. 

c  Multiple  tided  fiat  plates. 

~  Separated  or  jojned.. 

—  Infinite  ground  plane. 

—  Limited  dielectric  plate  capability. 

»  Curved  surfaces  . 

—  Multiple  elliptic  cylinders. 

—  Multiple  sectioned  cone  frustums. 

-  Composite  finite  ellipsoids. 

•  UTD  si Ingle  and  multiple  interactions  included. 

—  Second  order  plate  terms  not  including  double  diffraction. 

—  First  order  curved  surface  terms  only. 

—  Presently  no  plate  -  cylinder  interactions. 

In  addition  to  the  above  features,  algorithm  development  is  contin¬ 
uing  in  a  few  other  areas  as  given  below. 
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*  Under  Development 

—  Double  diffracted  fields. 

—  Third  order  interaction  terms. 

*  triple  reflected  fields 

*  reflected-refiected-diffracted  fields 

*  reflected-diffractcd-reflected  fields 

*  diffracted-refiected-reflected  fields 

—  Specular  dielectric  for  curved  surfaces. 

Possible  future  improvements  in  the  code  are  being  explored  as  the¬ 
oretical  topics  at  the  present  time. 

•  Potential  Future  Developments 

—  Super  ellipsoids. 

—  Composite  shaped  curved  surfaces. 

—  Creeping  waves  for  all  curved  surfaces. 

—  Improved  dielectric  treatment  with  surfaces  waves. 

As  an  example  of  the  new  cone  frustum  capabilities,  the  gc  ometry 
in  Figure  1  is  used.  This  is  from  Example  20  of  Version  2  of  the  NEC- 
BSC’b  user’s  manual.  The  wings  are  not  included  here.  The  source  and 
receiver  were  864  inches  away  from  t\e  object.  It  should  be  noted  that 
Version  2  did  not  have  the  cone  present.  The  measured  and  calculated 
results  at  10  Ghz  for  horizontal  polarizations  are  compared  in  Figiu  i  2. 


3  Development  Issues 

As  a  developer  of  a  user  oriented  computer  code,  questions  arc  often 
asked  concerning  the  applicability  of  the  code  for  a  particular  applica¬ 
tion.  In  general,  it  difficult  to  give  a  specific  answer  without  informa¬ 
tion  about  the  specific  problem.  The  applicability  of  a  code  like  the 
NEC-BSC,  however,  can  be  best  explained  by  looking  at  three  areas. 
They  are  its  modeling  capabilities,  numerical  limitations,  and  theoret¬ 
ical  considerations.  These  areas  are  not  the  final  say  as  to  the  validity 
of  the  code  for  a  particular  application,  but  they  provide  a  useful  start¬ 
ing  point.  Ultimately  the  code  should  be  tried  and  validated  on  each 
problem’s  own  merit. 
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3.1  Modeling  Capabilities 

Codes  such  as  the  NEC-BSC  are  generally  designed  around  a  few  given 
application’s  needs.  Not  all  possible  needs  can  be  anticipated  as  the  de¬ 
velopment  proceeds.  The  given  implementation  of  the  code  results  from 
many  trade  offs  such  as  computer  size,  speed,  etc.  Generally,  the  UTD 
codes  like  the  NEC-BSC  have  started  out  by  including  fundamental 
building  blocks  such  as  plates  and  cylinders.  These  units  were  deemed 
to  be  basic  enough  to  help  a  wide  class  of  applications  especially  for 
antenna  pattern  prediction. 

As  broader  scattering  issues  have  needed  to  be  addressed,  it  has 
been  necessary  to  increase  the  curved  surface  modeling  capabilities.  In 
any  event,  whether  the  present  class  of  surfaces  meets  the  exact,  needs 
of  a  particular  applications  it  has  been  generally  found  that  good  cause 
and  effect  engineering  answers  can  still  be  obtained.  This  increases  the 
need  to  understand  aud  validate  the  conclusions  that  are  leach  in  each 

-fi - 
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3.2  Numerical  Limitations 

Computer  codes  must  be  designed  to  work  on  computer  which  have 
finite  precision.  These  leads  to  possible  loss  of  accuracy  or  unpredictable 
result  from  computer  to  computer  and  implementation  of  a  particular- 
application.  Many  examples  have  arisen  in  the  use  of  the  NEC-BSC 
where  the  size  or  distance  of  a  particular  geometry  has  caused  terms  to 
be  included  in  unsymmetric  or  inconsistent  ways.  The  code  has  been 
devel  oped  to  anticipate  these  problems  but  many  of  the  fixes  turn  out  to 
be  conflicting  with  other  applications  unforseen  at  the  time.  Solutions 
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such  as  doing  the  problem  in  a  different  coordinate  system  sometimes 
fixes  the  problem.  In  others,  using  smaller  ranges  will  help  and  still 
give  a  reasonable  result. 

Logic  to  take  care  of  special  cases  has  also  been  included  in  the  code. 
It  has  been  found,  however,  that  the  small  number  problems  associated 
with  these  decision  processes  can  be  a  cause  for  error.  One  possible  fix 
that  works  many  times  is  to  change  the  small  number  bound  that  exist 
in  a  common  block  in  the  NEC-BSC.  This  often  makes  inconsistent 
results  consist,  since  the  logic  branch  decisions  are  made  at  a  higher 
level.  A  better  means  of  desensitizing  codes  to  these  types  of  problems 
needs  to  be  sought. 


3.3  Theoretical  Considerations 

Many  of  the  modeling  decisions  and  numerical  fixes  above  center  around 
avoiding  limitations  in  the  present  diffraction  coefficients.  On  going 
work  is  being  done  to  make  the  diffraction  coefficients  as  uniform  as 
possible.  The  fewer  logic  decisions  made,  the  less  chance  for  error. 
UTD  has  the  nice  feature  that  the  validity  of  a  code  is  not  completely 
destroyed  by  a  small  limitation  in  the  diffraction  coefficient.  In  general, 
the  results  obtained  may  be  corrected  over  the  majority  of  a  pattern 
and  discontinuous  over  only  a  small  region. 

The  number  of  terms  implemented  also  impact  on  the  level  of  valid¬ 
ity  of  a  solution.  This  is  usually  determined  by  the  application.  As  the 
number  of  terms  are  added  to  a  code  such  as  the  NEC-BSC,  it  is  impor¬ 
tant  to  note  that  the  time  require  to  do  the  calculations  will  increase. 
Intelligent  way  to  pick  the  optimum  terms  for  a  given  application  is 
being  sought.  It  should,  be  noted  that  if  terms  are  left  out,  UTD  gives  a 
gauge  of  its  accuracy  by  the  largeness  of  the  discontinuities  that  result. 


4  Coding  Issues 

One  of  the  biggest  issues  on  developing  a  code  is  vritiug  it  in  a  way 
that  avoids  transportability  problems.  The  NEC-BSC  is  being  written 
on  a  VAX  8550  at  present  using  standard  Fortran  7T.  It  has  also  been 
run  on  a  number  of  different  machines.  Different  compilers  seem  to 
still  find  different  problems  even  though  nominally  Fortran  77  is  used. 
One  example  is  that  the  VAX  “/OPTIMIZE”  feature  sometimes  causes 
erroneous  results  to  occur.  These  problems  are  not  easily  found  and 
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removed,  especially  on  another  persons  computer  if  they  canH  be  du¬ 
plicated  on  the  developers  computer.  Desensitizing  the  code  to  numer¬ 
ical  problems  for  consistent  results  and  providing  good  dynamic  range 
is  difficult  from  machine  to  machine.  Finding  good  ways  to  write  the 
code  to  avoid  these  problems  needs  to  be  continuously  pursued.  Little 
help  is  found  in  the  literature. 

In  ordei  to  improve  development  time,  validation,  and  maintance  of 
a  code  it  has  been  attempted  to  write  the  new  version  of  the  code  in 
a  more  structured  manner.  How  well  can  a  code  adhere  to  structured 
coding  over  repeated  improvement  phases  is  a  good  question.  Large 
codes  tend  to  have  more  than  one  person  working  on  them.  Many 
times  even  small  deviations  from  predetermine  conventions  lead  to  bugs 
that  are  hard  to  detect.  Code  development  would  seem  to  follow  more 
Inside-Out  than  Top-Down  practices. 

A  question  that  is  often  asked  of  the  NEC-BSC  is  will  it  fit  on  a  small 
machine?  The  answer  is  that  it  will  fit  on  machines  whose  compilers 
will  address  large  sizes.  The  codes  arrays  can  easily  be  adjusted  to 
smaller  size,  however,  The  code  is  still  large  in  terms  of  the  number 
of  statements.  Overlay  techniques  can  be  used  to  compute  the  various 
i  terms  separately  and  then  added  later. 

5  GKS  Graphical  Codes 

With  the  new  versions  of  the  NEC-BSC,  two  graphics  codes  are  being 
prepared.  They  are  based  on  the  Graphic  Kernal  System  (GKS)  ANSII 
standard.  The  first  draws  the  geometry  based  ou  the  input  command 
word  data  set  and  the  second  plots  the  output  in  polar  or  rectangular 
form. 

The  NEC-BSC  Draws  Code  reads  the  same  input  set  as  the  EM 
code  to  draw  the  geometry.  This  gives  a  good  visual  aid  to  ensure 
that  the  input  set  is  correct.  In  addition  to  simply  reading  the  input 
geometry  and  outputting  a  drawing,  it  uses  most  of  the  same  geometry 
routines  for  joining  plates  and  organizing  the  data.  It  also  uses  the 
same  shadowing  subroutines  as  the  EM  code.  This  has  been  found  to 
be  very  helpful  in  validating  the  EM  code.  Bugs  have  been  found  in 
certain  geometrical  situations  that  were  not  found  previously  by  looking 
at  the  resultant  patterns.  This  suggest  that  codes  that  aid  the  user  in 
inputting  the  code  alone  do  not  give  the  full  picture  for  code  validation. 
An  example  output  for  a  aircraft  model  is  given  in  Figure  3. 


Figure  3:  Example  output  from  NEC-BSC  Draws  Code 


The  second  graphical  aid  being  developed  is  a  NEC-BSC  Pattern 
Plot  Code.  It  uses  output  from  the  NEC-BSC  to  draw  rectangular 
or  polar  plots  of  the  various  polarizations  of  the  fields,  power  values, 
or  coupling  depending  on  how  the  particular  run  was  configured.  It 
will  also  allow  the  user  to  plot  individual  cuts  of  volumetrical  obtained 
data  from  the  code.  It  will  plot  based  on  the  prespecified  size  and 
normalization  or  allow  for  changes  at  plot  time. 
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PREDICTION  AND  MEASUREMENT  OF  TRANSVERSE  WAVE  IMPEDANCE 
TN  THE  VICINITY  OF  ELECTRICALLY  SMALL  RADIATING  STRUCTURES 
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Department  of  Electronics 
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INTRODUCTION 

The  work  in  this  paper  forms  part  of  a  study  of  the  detailed  field  structure  ir«  the 
induction-field  region  around  radiating  sources.  The  variation  of  transverse  wave 
impedance  is  of  particular  interest  as  this  conviys  information  about  both  electric  and 
magnetic  fields.  In  addition,  the  efficiency  of  an  electromagnetic  shield  is  directly  related 
to  the  incident  wave  impedance  and  it  may  therefore  be  possible  to  produce  an  optimum 
shielding  configuration  for  a  given  wave  impedance  distribution.  The  eventual  aim  of  our 
work  is  to  investigate  this  possibility. 

In  some  situations  it  may  not  be  possible  to  reconfigure  the  shield  and  the  radiating 
source  may  need  to  be  adjusted.  In  this  paper  we  consider  a  smaii,  resisiivciy  loaded, 
vertical  loop  above  a  ground  plane.  The  aim  is  to  assess  the  effect  of  varying  the  load 
resistance  upon  the  wave  impedance  distribution  in  the  plane  of  the  ground.  It  is  known 
(ref[l  ])  that  an  electrically  small  loop  radiates  a  low  impedance  wave  in  the 
induction-field.  When  loading  is  introduced,  however,  the  current  distribution  around  the 
loop  is  modified  and  an  element  of  electric  dipole  (high  impedance)  radiation  is  present. 
A  high  impedance  wave  is  proportionally  easier  to  screen. 

Note  that  the  following  results  consider  the  transverse  wave  impedance  which  is 
defined  as  the  ratio  of  the  electric  and  magnetic  field  components  perpendicular  to  the 
radial  vector  from  the  radiating  source.  This  enables  a  much  simpler  practical 
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Fig.  2:  Radiation  patterns  of  the  LIFA-structure . 
a)  X-Y-cut,  b)  Y-Z-cut,  c)  X-Z-cut, 
d)  $ ( -15° }-Z-eut 


measurement  system  to  be  used.  The  generalized  wave  impedance  also  includes  the  radial 
components  of  electric  and  magnetic  field,  which  only  exist  in  the  induction  field. 


RADIATING  LOOP  GEOMETRY  AND  THE  NEC3  MODEL 

The  geometry  of  the  radiating  source  is  a  4cm  square  wire  loop  mounted  on  a  BNC 
connector  (fig.l),  which  was  chosen  for  the  ease  of  practical  construction  and  simplicity  of 
the  NEC3  model.  The  loop  is  made  of  1mm  diameter  wire  and  is  mounted  vertically 
upon  a  3m  by  1.5m  aluminium  ground  plane.  The  wave  impedance  sensor  consists  of 
discrete  electric  and  magnetic  field  sensors  situated  50cm  from  the  radiating  loop  and  8cm 
apart  (to  minimise  the  coupling  between  the  sensors).  In  order  to  vary  the  effective 
distance  between  source  and  sensor,  the  frequency  of  excitation  of  the  loop  is  scanned 
from  10MHz  to  40QMHz  which  corresponds  to  a  wavelength  variation  from  X/60  to  2X/3. 
Furthermore,  the  effective  size,  of  the  loop  varies  from  X/750  to  4X/75. 


BNC 

7~7  "7  7"  /  7  ;i>/'777  / 


Resistive  Load 

■Effective  Excitation 
Feed  Cable 


Fig.l  Configuration  of  Practical  Radiating  Loop 


In  NEC3  this  situation  is  modelled  using  5  segments  per  side,  except  the  side  of  the 
loop  with  the  voltage  source  which  has  6  segments.  Thus  the  shortest  segment  is  X/4500 
at  10MHz  which  goes  beyond  the  accuracy  limits  of  NEC,  but  gives  reasonable  results  for 
this  simple  structure  if  double  precision  arithmetic  is  used.  The  8cm  separation  of  the 
sensors  is  significant  compared  with  the  50cm  source-sensor  separation  and  this  is  modelled 
as  i4.5*  offsets  from  the  main  axis  for  the  field  calculations. 


Data  is  generated  for  a  180*  scan  in  the  plane  of  the  ground  and  the  response  is 
sampled  every  10*  (the  limit  of  practical  accuracy)  at  a  height  of  5mm  above  the  ground. 
A  full  360°  scan  is  unnecessary  as  the  wave  impedance  distribution  is  symmetrical  about 
the  plane  of  the  loop.  The  results  are  plotted  as  a  three  dimensional  surface  where  the 
frequency  and  angle  are  used  to  define  V  and  in  a  cylindrical  polar  coordinate  system 
and  the  wave  imepdancc  at  that  point  defines  the  height  'z\  Logarithmic  scales  are  used 
on  both  the  frequency  and  the  wave  impedance  axes. 


SIMULATION  AND  PRACTICAL  RESULTS 

Figs  2-6  show  the  wave  impedance  responses  produced  by  load  resistances  of 
0,40,98,219  and  46917  respectively.  In  each  case,  fig. 2(a)  gives  the  distribution  predicted 
by  NEC3  and  fig. 2(b)  gives  the  practical  distribution,  and  so  on. 

The  unloaded  loop  distribution  (fig. 2)  shows  the  expected  (ref[lj)  response,  rising 
from  a  low  impedance  wave  (typically  3017)  and  becoming  asymptotic  to  37717  as  frequency 
is  increased.  In  addition,  there  is  good  qualitative  agreement  between  the  two  responses 
except  in  the  70°  area  of  the  response.  This  discrepancy  arises  because  the  large  changes 
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angle  measurement,  which  is  not  possible  with  the  present  practical  test  set-up.  It  is 
interesting  to  note  that  the  response  is  not  isotropic  in  the  test  plane,  as  would  be 
expected  from  the  equations  given  in  [1].  Although  the  loop  is  electrically  small,  its  size 
is  significant  when  compared  with  the  50cm  source-sensor  separation  and  this  causes 
variation  of  the  response  with  angle. 

The  addition  of  a  4017  load  in  the  loop  (fig. 3)  modifies  the  distribution  significantly. 
At  low  frequencies  a  high  impedance  (typically  80017)  ’ridge’  is  present  in  the  70°  response 
and,  in  the  practical  case,  a  trough  in  the  wave  impedance  also  occurs  in  the  70’ 
response.  Less  noticeably,  the  peak  in  the  90°-180’  responses  is  reduced.  Again  there  is 


good  agreement  between  the  two  responses  except  in  the  sensitive  70*  area. 


As  load  resistance  is  increased  to  98 fl  (fig.4),  the  trough  in  the  70"  response  can  be 
seen  to  have  developed  in  both  distributions,  though  it  is  more  pronounced  in  the 

practical  case.  Away  from  the  70  region,  the  responses  can  be  seen  to  be  flattening  out, 

with  the  low  frequency  wave  impedance  portions  starting  around  1000. 

A  further  increase  in  load  to  2l9fl  (fig. 5)  causes  a  sharp  trough  in  wave  impedance 
to  develop  in  the  distribution,  which  drops  as  low  as  20fi.  This  is  present  on  the  NEC 
response  at  70*  and  the  practical  response  at  60 Although  this  anomaly  can  be 

attributed  to  inaccurate  practical  angle  measurement  and  the  coarse  angle  sampling  missing 
the  true  depth  of  the  null,  part  of  the  discrepancy  must  be  attributed  to  inaccuracies  in 

the  NEC  model.  The  majority  of  the  practical  distribution  is  approximately  fiat,  though 

this  is  less  evident  in  the  NEC  distribution. 

Finally,  fig.6  considers  the  loop  loaded  with  469Q.  Again  a  10*  discrepancy  exists 
between  the  practical  and  NEC  distributions  for  the  position  of  the  null.  Furthermore, 
the  0-40*  section  of  the  practical  distribution  consists  of  much  deeper  troughs  than  the 

NEC  distribution.  The  tendency  of  a  highly  loaded  loop  to  act  like  an  electric  dipole  can 

be  seen  from  this  last  response  if  it  is  compared  with  the  distribution  of  a  monopole 

above  a  ground  plane  (fig.7). 


CONCLUSIONS 

The  results  in  this  paper  demonstrate  that  NEC3  can  be  used  for  very  good 
qualitative  assessment  of  induction -field  wave  impedance  distributions.  The  majority  of  the 
discrepancies  between  the  practical  and  NEC3  distributions  occur  as  the  result  of 
inaccuracies  in  angle  measurement  in  the  practical  test  set  up.  Further  improvements  in 
the  practical  measurement  technique  should  enable  a  more  quantitative  analysis  of  the 


NEC3  predictions. 


The  tendency  of  a  loaded  loop  to  act  like  an  electric  dipole  as  load  is  increased  has 
been  demonstrated.  A  trough  that  occurs  in  the  low  resistance  distributions  (4QQ  and  980) 
on  the  70’  response,  deepens  and  moves  towards  the  0*  axis  as  load  is  increased.  Also 
the  low  frequency  portion  of  the  distribution  increases  in  vave  impedance  as  laod 
increases.  This  suggests  that  improvements  in  shielding  effectiveness  inay  be  possible  if 
loop  loading  is  modified.  Conversely,  the  sharp  null  in  the  wave  imepdance  may  need  to 
be  avoided  as  this  would  cause  a  drop  in  the  shielding  effectiveness. 
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Fig. 2(b)  Wave  Impedarcc  Distribution  of  Unloaded  Loop:  Practical  Resulu 
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Fig. 7  Wave  Impedance  Distribution  of  Monopole  from  NEC3 


THE  ANALYSIS  OF  TWO  INVERTED  F- ANTENNA  STRUCTURES 
ON  A  BOX  USING  NEC  WIRE  MODEL 


M.  Somersalo 

Technical  Research  Centre  of  Finland 
Telecommunications  Laboratory 
Otakaari  7  B,  SF-02150  Espoo,  Finland 


ABSTRACT 

NEC  has  been  used  to  analyse  two  antenna  struc¬ 
tures,  the  first  being  LIFA-type  (Linear  Inverted 
F-Antenna),  the  other  a  pair  of  PIFA:s  (Planar  In¬ 
verted  F-Antenna)  on  a  box.  Using  NEC  the  radiation 
patterns  of  the  structures  in  three  orthogonal 
planes  are  calculated.  The  bandwidths  are  determined 
through  the  Q- factor  obtained  from  the  calculated 
input  impedance  curve.  Comparison  between  NEC  re¬ 
sults  and  measured  data  has  been  made. 


1 .  MODELLING  THE  STRUCTURES 


A  wire  model  has  been  used  to  analyse  two  types 
of  inverted  F-antennas  (IFAs)  mounted  on  a  box.  The 
structures  are  shown  in  fig.  1.  The  antenna  in  fig. 
la  is  a  wire  antenna  called  LIFA  (linear  1FA)  where¬ 
as  the  antennas  in  fig  lb  are  patch-type  and  called 
PIFAs  (planar  IFAs). 

The  box  of  the  LIFA  (LIF\-box)  was  modelled 
using  124  wire  segments  and  the  antenna  was  divided 
into  5+2  segments.  The  PI  iA-box  was  modelled  using 
112  segments  and  the  patches  using  13+3  segments. 

The  mut  coupling  between  the  two  PIFAs  and 
the  box  was  s„rcng.  Experimentally  it  was  observed 
chat  slight  changes  in  the  width  of  the  shorting 
section  (modelled  as  two  wire  segments)  and  the 
position  of  the  feed  affected  greatly  the  antenna 
characteristics.  This  gave  only  small  hopes  for  a 
very  accurate  modelling  of  the  PIFA-structuru , 

The  radii  of  the  wires  have  been  chosen  to  bo 
equal  with  the  radius  of  the  feeding  probe  i.e. 
0.0015\.  Doubling  the  radius  seemed  to  have  little 
effect  on  the  calculations. 


2.  RADIATION  PATTERNS 


2 . 1  LIFA-STRUCTURE 


The  radiation  patterns  in  three  orthogonal 
planes  were  calculated  using  applied  E-field  volt¬ 
age  source  excitation  (EXO).  The  current  slope 
discontinuity  voltage  source  (EX5 )  gave  similar 
shape  for  the  patterns,  but  the  gain  level  was  1.4 
dB  less  (in  boresight) . 


The  analysed  and  measured  radiation  patterns 
are  shown  in  fig.  2a-d.  The  data  is  scaled  to  make 
the  vertical  polarisation  curves  to  touch  the  OdB 
ring  of  the  polar  chart  at  0  degrees.  In  some  di¬ 
rections  the  difference  between  analysed  and  meas¬ 
ured  patterns  is  quite  considerable.  Most  of  the 
error,  however,  can  be  explained  by  measurement 
inaccuracies.  This  is  seen  comparing  the  gain  lev- 


the  plane  intersections  and  keeping  in  mind 
the  structural  symmetry  about  X-Z-plarxe.  As  a  whole 
it  may  be  concluded  that  the  used  wire  model  is 
accurate  enough  to  describe  the  radiation  patterns 
of  the  LIFA-structure. 


It  took  279  seconds  CPU-time  to  calculate  the 
patterns  using  NEC2S  in  a  VAX  11/750  computer. 
Using  NEC  2D  820  seconds  CPU  time  was  required,  but 
the  difference  between  the  results  was  marginal. 


2.2  PI FA- STRUCTURE 


Only  the  X-Y-plane  radiation  patterns  of  the 
PIFA-structure  are  reproduced  in  fig.  3.  The  pat¬ 
terns  are  drawn  with  dBi  scaling  the  outer  ring  of 
th?  chart  being  the  OdBi  level. 

At  first,  the  calculations  were  made  by  a  model 
without  the  dashed  wire  segments  of  fig.  lb.  Compa¬ 
ring  the  analysed  and  measured  field  components, 
the  difference  was  seen  to  be  most  striking  between 
the  axial  ratios.  Adding  the  dashed  segments  to 
the  model  had  the  effect  of  moving  the  gain  levels 
towards  the  measured  ones  as  is  seen  from  fig.  3a, 


Fig.  3b  and  c  show  the  cases  where  the  SMA- con¬ 
nector  of  the  parasitic  antenna  is  shorted  or  open. 
The  model  doesn't  take  the  connector  in  account, 
its  effect  to  the  patterns,  however,  is  consider¬ 
able  . 

Fig.  3d  shows  the  case  where  both  PIFA:s  are 
feeded  in  equal  amplitude  and  phase.  The  measured 
patterns  are  quite  far  from  the  symmetry  expected 
along  X-  and  Y-axes.  The  figure  also  supports  the 
conclusion  that  the  measured  patterns  made  with 
more  care  would  be  more  similar  to  the  analysed 
ones . 

In  the  case,  where  the  antennas  were  fed  in 
equal  amplitude  but  with  phase  difference,  NEC 
didn't  give  sensible  results.  The  input  impedances 
of  the  antennas  as  well  as  the  radiated  power  were 
far  from  being  equal.  No  improvement  of  the  results 
was  obtained  when  the  feeding  was  made  through 
transmission  lines. 

As  a  whole  it  may  be  concluded  that  NEC  can 
give  reasonable  information  of  the  two-PIFAs-on-a- 
box-type  structures.  To  avoid  severe  errors  NEC 
should  be  used  with  much  care. 


3 .  INPUT  IMPEDANCE 

3  •  1  LIFA-STRUCTURE 


The  measured  impedance  curve  on  the  Smith  chart 
was  a  circle  and  the  equivalent  circuit  of  the 
antenna  structure  was  therefore  a  simple  resonant 
circuit  as  shown  in  fig.  4.  To  find  the  four  un¬ 
knowns  it  is  enough  to  know  the  impedance  (only)  at 
four  frequencys. 

The  impedance  was  calculated  by  NEC  at  eight 
points  for  the  EXO  and  EX  5  excitations.  The  fre¬ 
quency  deviation  compared  to  the  measured  one,  the 
Q-value  and  the  lOdB  bandwidths  of  the  equivalent 
circuits  are  collected  to  table  1. 

The  measured  bandwidth  (return  loss  >10dB)  is 
2/3  of  the  calculated  one.  As  seen  from  fig.  5,  NEC 
impedance  circles  are  smaller  in  size  than  the 


measured  ones.  The  smaller  the  circle  the  shorter 
the  distance  of  the  feed  from  the  shorting  segment. 


Table  1.  Equivalent  circuit  data  of  the 
LIFA-structure . 


fr= 

calc.  res.  freq. 
frm= 

meas.  res.  freq. 


3.2  PI FA-STRUCTURE 


The  interaction  between  the  two  antennas  and 
the  box  deteriorates  the  impedance  circle  on  the 
Smith  chart.  The  equivalent  circuit  for  the  antenna 
would  now  consist  of  three  resonators  with  mutual 
couplings.  Of  course  a  section  of  the  impedance 
curve  may  still  be  characterized  by  a  single  reso¬ 
nator. 

The  measured  and  calculated  curves  for  the 
cases  of  feeding  PIFA  A  and  PIFAs  A  and  B  are  shown 
in  fig.  6a  and  b.  From  figure  6a  it  is  seen  that 
the  NEC-curve  has  a  resonance  around  the  measured 
resonance,  '  too.  How  the  bandwidth  and  resonant 
frequency  should  be  calculated  in  the  vicinity  of 
this  frequency,  not  from  the  "circle"  in  fig.  6a, 
as  it  represents  a  different  resonance.  The  band- 
widths  obtained  from  the  more  well  behavig  case  of 
fig.  6b  were  within  a  few  per  cent  the  same  for 
measured-  and  NEC-  curves. 

The  calculations  above  were  made  with  the  wire 
model  of  fig.  lb  the  dashed  wires  excluded.  The 
impedance  curve  is  more  affected  by  the  density  of 
the  wire  grid  than  the  radiation  patterns,  but  even 
the  model  used  gave  acceptable  results  for  the 
bandwidth  and  the  resonant  frequency.  The  accuracy 
in  general  was,  however,  not  as  good  as  in  the  case 
of  a  LT.FA  on  a  box 


Fig.  6a:  Input  impedance  Fig  6b:  Input  impedance 
of  FIFA  A  Of  PIFAs  A+B 


On  the  Analysis  and  Synthesis  of  Circular  Arrays 

Karl  J.  Moeller  and  Vaughn  P.  Cable 


ABSTRACT 

The  characteristics  of  an  open,  circular  array  of  antenna  elements  in  free  space 
have  been  investigated.  With  the  main  beam  in  the  plane  of  the  array 
(endfire),  calculated  antenna  patterns  reveal  an  elliptical  beam  cross-section, 
broad  in  the  vertical  plane,  with  high  near-in  sidelobes.  A  Taylor-like 
amplitude  distribution  was  found  to  reduce  the  near-in  sidelobe  levels  in  the 
horizontal  plane  without  significantly  degrading  the  vertical  plane  pattern. 
Also,  mutual  coupling  effects  were  found  to  be  significant. 


INTRODUCTION 

The  circular  array  constitutes  a  special  class  of  planar  array  with  the  ability  to 
electronically  scan  an  endfire  main  beam  through  360“  in  the  plane  of  the  array.  This 
ability  has  made  circular  arrays  attractive  for  applications  in  radio  direction  finding 
and  surveillance  radar  [1]. 

The  directive  endfire  pattern  produced  by  the  properly  phased  elements  of  a 
circular  array  is  similar  to  the  pattern  produced  by  a  linear  array  of  length  equal  to  the 
circle  diameter.  Due  to  the  symmetry  of  the  placement  of  the  elements  in  a  circular 
array,  the  endfire  pattern  may  be  scanned  by  commutating  the  current  excitations 
around  the  array.  As  is  the  case  for  linear  arrays,  amplitude  tapers  can  be  used  to 
lower  tiie  near-in  sidelobes  of  the  directive  pattern.  Synthesis  of  such  patterns  is 
considerably  more  challenging  for  circular  arrays,  however,  since  the  mutual  coupling 
between  the  elements  of  a  circular  array  can  be  quite  severe. 

The  objective  of  this  work  was  to  determine  a  practical  means  for  synthesizing  an 
endfire  pattern  with  reduced  near-in  sidelobes  for  a  circular  array  of  mutually  coupled 
dipoles.  The  usual  approach  to  array  synthesis  is  to  treat  the  array  (linear  or 
otherwise)  as  a  set  of  uncoupled  elements  with  no  interactions  between  elements.  In 
this  case,  only  the  array  factor  is  involved  in  the  synthesis  procedure  and  the  overall 
directivity  of  the  array  is  determined  by  imposing  the  element  pattern  as  a 
multiplicative  factor.  Tliis  separatability  of  the  array  and  element  patterns  is  usually 
referred  to  as  pattern  factorization. 

In  practice,  however,  this  last  step  is  often  an  oversimplification  which  does  not 
accurately  predict  the  outcome  of  the  synthesis  procedure.  One  reason,  of  course,  is 
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that  the  mutual  coupling  between  elements  affects  the  distributions  of  current  on  the 
individual  elements  differently.  Hence,  the  elements  and  their  respective  patterns 
cannot  all  be  assumed  to  be  identical  and  pattern  factorization  does  not  hold.  Another 
effect  which  might  cause  this  same  discrepancy  is  interaction  with  other  objects  not 
normally  considered  to  be  part  of  the  antenna  array;  e.g.,  finite  ground  plane  effects. 
The  results  reported  here  consider  the.  array  to  be  located  in  free  space  and  only 
element  to  element  mutual  coupling  effects  are  studied. 

BEAMSR4PE  AT  ENDFIRE  (UNCOUPLED  CASE) 

Consider  an  array  of  N  elements  arranged  on  a  circle  of  radius  a  in  the  xy  plane,  as 
shown  in  Figure  1. 


2 


Figure  1,  -  A  circular  array 

The  far-field  array  factor  for  arbitrarily  positioned,  isotropically  radiating  elements 
[2]  is  given  by 

E(6  <j>)  »  2  f  e,l^linflco,^+l,»fia*iD^+*“coS^  (1) 

n— 1 

where  Jn  is  thd  complex  total  current  and  zn)  are  the  coordinates  of  the  11th 

radiator.  Since  all  elements  of  the  circular  array  lie  in  the  xy  plane, 

e(0,  $  =  s  (2) 


Let  fa  denote  the  location  of  the  n01  element  on  the  circle,  then 


E(6,  fa) 


N 
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r  jkthi6(a  co^coc^+aem^ntir^) 
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n  =  1 


=  Yj  I  e,ta8infl:0^^») 

n  =1 


(3a) 

(3b) 


If  |  In  |  denotes  the.  magnitude,  and  oy,  the  (relative)  phase  of  the  current  of  the  n01 
•adiator,  then 


E(6,  <t>)  =  E  I  /„  I  e**e»****M  (4) 

fl  =1 

27172 

For  uniform  spacing  of  the  elements  on  the  circle,  fa  - 

A  beam  maximum  is  obtained  when  the  elements  are  phased  to  add  together  in  a 
single  direction.  This  condition  is  called  cophasal  excitation  and  is  obtained  when 

cfc  =  -ka$in60co$(fa-fa)  (5) 

where  (0O,  fa)  is  the  position  of  the  beam  maximum. 

We  examine  first  the  characteristics  of  a  uniform  amplitude,  ( |  /n  j  -  |  /  | ) 
cophasal  circular  array.  Uncoupled  power  pattern  plots  for  an  18  element  circular 
array  of  z-directed  elementary  dipoles  with  A/2  interelement  spacing  are  shown  in 
figure  2.  Equation  (5)  is  used  to  design  the  beam  maximum  to  point  in  the  direction 
of  the  x  axis,  ( 80  =  90°,  fa  =  0°).  These  patterns,  which  neglect  the  effects  of  element 
interactions,  can  be  generated  by  multiplying  the  array  factor,  given  in  equation  (4),  by 
the  element  factor  (pattern  of  an  elementary  dipole). 

The  horizontal  pattern,  which  lies  in  the  plane  of  the  array  elements,  has  high 
near-in  sidelobes  (-8  dB)  and  a  beamwidth  slightly  narrower  than  that  obtainable  from 
a  linear  array  of  length  equal  to  the  circle  diameter.  A  region  of  back-radiation 
approximately  120°  wide  is  present  in  the  direction  of  the  negative  x  axis.  Over  this 
region  the  cophasal  excitation  falls  apart  and  the  elements  add  in  a  random  manner. 

The  vertical  pattern  has  a  wide  beamwidth  with  near-in  sidelobes  of  approximately 
the  same  height  as  those  in  the  horizontal  pattern.  The  circular  array  therefore 
provides  a  convenient  fan  beam  for  rotation  through  360  °.  Examination  of  the  power 
pattern  in  additional  planes  through  the  main  beam  reveals  that  the  beamwidth  varies 
elliptically  from  the  vertical  to  horizontal  planes. 


BEAMSHAPE  AT  ENDFIRE  (COUPLED  CASE) 

In  order  to  determine  the  behavior  of  the  array  when  the  effects  of  the  array  factor 
and  dement  mutual  coupling  are  combined,  the  circular  array  of  Figure  1  was 
modeled  using  the  Ohio  State  thin  wire  codes  of  Richmond,  [3].  Half-wave  thin-wire 
dipoles  were  located  at  each  of  the  array  element  positions. 


AZIMUTH  ANGLE  (day) 


(a)  Phi  cut  (azimuthal  pattern),  j  E  (90°,  <f>)  |  2 


(b)  Theta  cut  (elevation  pattern),  |  E  (&,  0°)  | 2 


Power  patterns  for  a  uniform  amplitude,  cophasal  circular  array 
(  $0  =  90°,  4b  =  0°)  when  element  interactions  are  neglected. 


Figure  3  shows  the  coupled  case  power  pattern  plots  for  the  18  element  circular 
array  and  excitation  described  in  the  previous  section.  The  overall  pattern  in  the 
azimuthal  plane  is  considerably  changed  from  the  uncoupled  case  shown  in  Figure  2. 
The  main  beam  is  slightly  broadened  and  near-in  sidelobes  appear  approximately  13 
dB  down  from  the  main  lobe. 


CIRCULAR  ARRAYS  WITH  TAPERED  AMPLITUDES 

When  viewed  from  endfire,  the  circular  array  appears  as  a  linear  aperture  with  a 
higher  concentration  of  elements  at  the  ends  of  the  aperture  than  at  the  center.  This 
results  in  a  reduced  beamwidth  and  higher  sidelobes  in  the  azimuthal  plane  of  the 
endfire  pa  tern  than  that  which  would  be  obtained  from  a  linear  array  (of  equispaced 
elements)  of  length  equal  to  the  circle  diameter. 

The  sidelobes  of  a  linear  array  can  be  reduced  by  tapering  the  amplitude  of  the 
current  excitations  from  a  maximum  at  the  central  element  to  a  minimum  at  the 
elements  at  the  array  ends.  Similarly,  an  amplitude  taper  symmetrically  applied  *o  the 
front  and  back  halves  of  a  circular  array  will  reduce  the  near-in  sidelobes  in  horizontal 
plane  of  the  endfire  pattern. 

The  procedure  used  here  consisted  of  spatially  sampling  two  amplitude  tapers 
from  linear  array  theory;  full  cosine  on  a  pedestal  and  a  Taylor  type  distribution. 
Sampling  locations  were  determined  by  projecting  the  element  positions  of  the 
circular  array  onto  the  array  diameter  which  lies  perpendicular  to  the  direction  of  the 
main  beam.  Each  taper  was  then  applied  to  this  ncn-uniform  linear  array  geometry 
and  sampled  at  the  projected  element  positions.  This  results  in  a  symmetric 
distribution  over  the  two  halves  of  the  circular  array  bisected  by  the  array  diameter. 

The  results  for  a  cosine  on  a  pedestal  amplitude  taper  for  the  uncoupled  and 
coupled  cases  appear  in  Figures  4  and  5,  respectively.  A  general  expression  for  this 
distribution  can  be  found  in  Silver  [ 4J.  The  particular  form  used  for  these  results  is 
given  bv 


/O')  =  l-.25[l-cos(^-)l 


(6) 


where  y  is  the  linear  aperture  dimension  variable  (the  variable  of  the  array  diameter 
onto  which  elements  are  projected)  and  d  is  the  airay  diameter.  Again,  the  coupled 
case  calculations  show  sidelobes  approximately  7  dB  below  those  predicted  from 
uncoupled  calculations.  Also,  the  main  beam  is  broadened  in  the  coupled  case. 

The  uncoupled  and  coupled  cases  for  the  Taylor  type  distribution  axe  presented  in 
Figures  6  and  7,  respectively.  A  general  expression  for  this  type  of  distribution  is  given 
in  Collin  and  Zucker  [5j.  The  form  used  here  is 


/O')- 


(7) 


where  /0  is  the  modified  Bessel  function  of  order  0,  k  is  the  wave  number,  d  is  the 


relative:  cain  (del  relative  gain  (dB 


(a)  Phi  cut  (az!iriu;hva  pattern),  j  E  (90°,  <f>)  | 2 


(b)  Theta  cut  (elevation  pattern),  |  E  (6, 0°)  | 2 


Fig.  3  -  Power  patterns  for  a  uniform  amplitude,  cophasal  circular  array 
(  «  90°,  fa  =  0“)  when  the  effects  of  element  interactions  are 

accounted  for. 


diameter  of  the  array,  y  is  the  linear  aperture  dimension  variable,  and  c  satisfies 


R 


.  fife) _ 

[3Asinh(~^-)] 


(8) 


where  R  is  the  desired  main  beam  to  sidelobe  ratio  and  A  is  the  wavelength  of  the 
excitation.  For  the  results  presented  here,  R  =  104.  The  data  presented  shows  that, 
of  all  the  distributions  tested,  the  Taylor  type  distribution  appears  to  have  the  lowest 
overall  sidelobe  level  in  the  azimuthal  plane  for  the  coupled  case. 


CONCLUSION 

An  investigation  of  the  radiation  characteristics  of  a  circular  array  of  half¬ 
wavelength  dipoles  has  been  presented.  An  examination  of  a  uniform  amplitude, 
cophasal  array  has  revealed  an  endfire  pattern  with  an  elliptical  main  beam  cross- 
section  and  high  near-in  sidelcbes.  Sidelobes  in  the  azimuthal  plane  of  the  endfire 
pattern  can  be  controlled  through  the  use  of  amplitude  distributions  derived  from 
linear  array  theory. 

Pattern  calculations  presented  here  have  shown  that  the  effects  of  element-to- 
elemeni  mutual  coupling  are  dramatic  for  circular  arrays.  Idealized  pattern  synthesis 
techniques  which  neglect  the  effects  of  element  interactions  are  not  adequate  for  this 
type  of  array.  Further  work  is  in  progress  to  develop  a  practical  synthesis  procedure 
which  accounts  for  these  effects. 
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4  -  Power  patterns  for  a  cophasal  circular  array  (0q  =  90° ,<h o  -  0°) 
with  a  "cosine-on-a-pedestal"  amplitude  taper,  uncoupled  case. 
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Fig.  5  -  Power  patterns  for  a  cophasal  circular  array  ( 80  =  90°,  <k>  =  0°) 
with  a  "cosine  on-a-pedestal"  amplitude  taper,  coupled  case. 
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Fig.  6  -  Power  patterns  for  a  cophasal  circular  array  (  Oq  =  90°,  =  0°) 

with  a  Taylor-type  amplitude  distribution,  uncoupled  case. 
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Fig.  7  -  Power  patterns  for  a  cophasal  circular  array  (6q  =  90°,  <&>  =  Cf3) 
with  a  Taylor-type  amplitude  distribution,  coupled  case. 
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1 .  Introduction 

Large  planar  phased  array  antennas  frequently  are  included  in  modern 
radar  system  concepts  because  of  their  high  directive  gains  and  rapidly 
redirectable  beams.  Because  such  arrays  are  expensive  to  build  and  diffi¬ 
cult  to  test,  it  is  important  to  have  analysis  tools  available  for  accurately 
predicting  the  performance  of  candidate  radiating  elements.  Active  imped¬ 
ances,  current  distributions,  and  radiation  patterns  are  of  interest. 

The  Numerical  Electromagnetic  Code  (NEC)  (Reference  1)  is  one  such 
tool.  The  basis  of  NEC  is  a  finite  conducting  body  moment  method  that  can 
be  applied  to  analyzing  a  finite  array  of  arbitrarily  excited  thin  conductor 
radiators.  A  limitation  with  NEC,  however,  is  that  as  the  sizes  of  the 
arrays  increase,  in  excess  of  50  radiators  or  so,  reasonable  computer  mem¬ 
ories  and  computational  times  are  quickly  exceeded. 

The  plane  wave  expansion  moment  method  (Reference  2)  on  the  other  hand, 
can  be  applied  efficiently  to  obtain  the  active  impedances,  current  distri¬ 
butions  and  active  element  patterns  of  Infinite  planar  arrays.  All  radiators 
must  be  identical,  progressively  phased,  and  uniformly  spaced.  Even  large 
arrays,  however,  are  not  infinite  and  many  radiators  of  such  arrays  reside 
near  array  edges  or  other  discontinuities  in  array  periodicity. 

An  alternative  method,  the  Higher  Approximation  Analysis,  has  been  devel¬ 
oped  that  combines  plane  wave  expansion  and  finite  antenna  moment  methods  in 
an  iterative  procedure  that  is  both  reasonably  efficient  for  large  arrays  and 
accurate  in  so  far  as  modeling  edge  effects  and  other  discontinuities.  The 
Higher  Approximation  Analysis  is  briefly  described  here  and  several  examples 
of  its  application  are  given.  The  method  has  been  implemented  into  a  com¬ 
puter  program  that  applies  to  phased  array  lenses  as  well  as  to  constrained 
feed  arrays.  The  radiating  elements  can  be  thin  conductor  types  ("dipole¬ 
like")  or  microstrip  patch  types. 


2.  Higher  Approximation  Analysis 


In  the  Higher  Approximation  Analysis,  an  initial  solution  is  determined 
by  imposing  infinite  array  conditions  and  solving  for  the  current  distribu¬ 
tions  on  all  the  array  radiating  elements.  This  solution  is  referred  to  es 
the  "first  approximation  solution"  or  "Level  1  solution."  An  element  near 
an  irregularity  such  as  the  array  edge,  a  failed  phase  shifter  module,  or  a 
discontinuity  in  lattice  periodicity  then  is  identified  as  a  candidate  for 
recomputation  of  current.  The  resulting  current  is  referred  to  as  a  "Level 
2  solution."  The  current,  and  associated  port  voltages  and  impedances,  is 
determined  by  a  finite  array  moment  method.  The  candidate  element  only, 
referred  to  as  the  "consideced  element,"  is  subsectioned  in  accordance  with 
standard  moment  method  procedure.  The  element  is  "excited"  by  the  existing 
excitation  (the  incident  illumination  in  the  phased  array  lens  case  or  the 
port  voltage  in  the  constrai  :ed  feed  array  case)  and  by  the  first  approxi¬ 
mation  currents  on  neighboring  elements.  The  order  of  the  moment  method 
matrix  equation  that  results  is  small,  equal  to  the  number  of  current  ex¬ 
pansion  functions  on  a  single  radiating  element. 


The  "neighboring  elements"  are  chosen  to  fall  within  a  circular  border 


The  enclosed  area  is  called  the  "region  of  influence."  The  radius  of  the 
region  of  influence  (r^)  is  determined  by  observing  convergence  of  current, 
or  port  impedance,  on  the  considered  element  as  r^  is  increased.  Large 
values  of  r^  are  associated  with  increased  computer  processing  (run)  time. 
Problems  analyzed  to  date  Indicate  that  an  r^  ^  3A  yields  accuracy  to  within 
a  few  percent. 

The  procedure  continues  by  computing  the  Level  2  approximation  currents 
on  other  elements  near  the  irregularities  in  a  similar  manner.  Once  a  suf¬ 
ficient  number  of  elements  are  upgraded  to  Level  2  approximations,  the  next 
higher  level  approximation  could  be  determined  on  a  designated  ("considered") 
element.  The  procedure  would  be  identical  with  that  for  Level  2,  with  the 
exception  that  the  exciting  currents  on  neighboring  elements  (those  within 
the  region  of  influence)  now  would  be  the  Level  2  currents  as  opposed  to  the 
Level  1  currents. 

The  procedure  would  continue  until  a  satisfactory  number  of  higher 
approximations  (levels)  are  obtained  on  elements  near  irregularities.  The 
minimum  number  of  levels,  as  well  as  the  radius  of  influence,  must  be 
determined  by  numerical  experiment. 


SUMMARY 


Two  inverted  F-antenna  structures  has  been  ana¬ 
lysed  using  wire  models  with  NEC.  Reasonably  good 
results  has  been  obtained  for  the  LXFA-on- a-  box- 
case  (fig.  la)  even  though  the  calculated  .bandwidth 
was  30%  too  wide.  The  difference  between  the  meas¬ 
ured  and  analysed  data  was  more  obvious  in  the  more 
.complex  case  of  two  PIFAs  on  a  box  (fig  lb).  NEC 
proved  yet  to  be  a  potential  tool  for  this  sort  of 
antenna  design  as  the  calculated  shape  of  the  pat¬ 
terns  and  the  bandwidth  are  comparable  with  the 
measured  ones.  As  the  wire  model  may  still  be  im¬ 
proved  (and  more  attention  may  be  paid  to  antenna 
measurements)  better  results  are  to  be  expected. 


Fig.  la:  LIFA  on  a  box 


b:  Two  PIFAs  on  a  box 


Figure  1  shows  the  relationship  between  a  considered  element  and  the 
radius  of  influence  for  a  circular  aperture  array.  Details  including  rele¬ 
vant  equations  can  be  found  in  Section  3.3  of  Reference  3. 

3 .  Implementation 

The  higher  approximation  analysis  has  been  implemented  with  considera¬ 
tion  given  to  high  computational  efficiency  and  ease  of  user  Interface.  The 
structure  of  the  implementation  is  illustrated,  by  example,  in  Figure  2*  The 
user  identifies  a  considered  element,  a  radius  of  influence,  and  a  level  of 
approximation.  The  illustration  pertains  to  a  considered  element  near  the 
edge  of  a  circular  array  ana  a  Level  5  approximation.  Tl.e  computer  auto¬ 
matically  schedules  Level  4  current  approximations  on  ail  elements  within 
the  region  of  influence.  To  obtain  the  Level  4  currents.  Level  3  current  ap¬ 
proximations  on  all  elements  W’ithin  the  regions  of  influence  of  the  elements 
of  which  Level  4  currents  are  required  are  scheduled,  and  so  on,  until  Level 
1  current  approximations  are  called  upon.  All  computed  levels  of  current  ap¬ 
proximations  on  all  elements  are  saved  to  minimize  the  subsequent  computation 
of  either  higher  levels  of  approximation  on  the  same  considered  element  or 
any  level  of  approximation  on  another  considered  element.  Thus,  whereas  sub¬ 
stantial  run  time  may  be  expei  ded  in  the  Level  5  computation  of  a  considered 
element  in  the  beginning  of  an  analysis,  much  less  run  time  would  be  expended 
for  a  subsequent  nearby  considered  element.  Because  of  such  structuring,  the 
run  time,  for  an  N,  level  analysis  on  all  the  elements  in  a  N  element  array 

1  2  s 

can  be  shown  to  be  approximately  proportional  to  N^N^’r^  .  Of  course, 
typically  only  a  relatively  few  elements  need  undergo  a  higher  approxima¬ 
tion  analysis. 


4 .  Va7.idation 

An  equilateral  lattice  array  of  dipole  radiating  elements  X/4  above  a 
ground  plane  is  shown  in  Figure  3.  The  dipole  lengths  aro.5A  and  radii  are 
.00U.  The  37  element  array  wes  analyzed  by  both  NEC  and  the  Higher  Approxi¬ 
mation  Analysis  (HAA).  The  active  impedances  of  each  element  in  a  quadrant 
of  the  array  when  excited  for  broadside  beam  direction  are  shown  in  Figures  4 
(NEC;  and  5  (UAA) .  Corresponding  full  array  E-  and  H-planc  radiation  pat¬ 
terns  are  shown  in  Figures  6  (NEC)  and  7  (HAA) .  The  element  active  imped¬ 
ances  and  radiation  patterns  are  in  good  agreement.  The  agreement  tetween 
NEC  and  HAA  for  the  array  scanned  to  60°  in  the  E-plane  (Figures  8  and  9)  and 
in  the  H-plane  (Figures  10  and  11)  also  is  good. 


5.  Discussion 


The  higher  approximation  analysis  method  described  he’-e  for  analyzing 
phased  array  antennas  has  only  begun  to  be  applied  to  problems  of  interest. 
Guidelines  for  selecting  minimum  regions  of  influence,  minimum  number  of 
approximation  levels,  and  minimum  number  of  considered  elements  must  await 
extensive  application  of  the  method.  It  presently  is  being  used  to  (1)  deter¬ 
mine  the  minimum  number  of  outer  rings  of  terminated  elements  that  would  en¬ 
sure  that  all  excited  elements  exhibit  nearly  the  same  element  gain  patterns, 
(2)  evaluate  the  mutual  coupling  effects  of  subarraying  whereby  to  each  phase 
shifter  is  assigned  a  group  of  radiating  elements,  and  (3)  characterize  the 
disturbance  to  neighboring  radiators  resulting  from  a  failed  phase  shifter 
module.  For  example,  the  active  impedances  of  elements  in  the  37  element 
array  of  Figure  3  when  the  center  element  phase  shifter  module  is  open 
circuited  and  short  circuited  are  shown  in  Figure  12.  These  results  can  be 
compared  with  those  of  Figure  4. 

The  implementation  of  the  method  includes  modeling  that  applies  to  a 
wide  variety  of  micro strip  patch  arrays  as  well  a r  to  the  thin  conductor 
("dipole-like")  arrays  examplified  here. 

6  o  References 

1.  G.J.  Burke  and  A.J.  Pogio,  "Numerical  Electromagnetics  Code  (NEC)  - 
Method  of  Moments,"  NOSC  TD  116,  Waval  Ocean  Systems  Center, 

San  Diego,  CA,  Vols .  1  and  2,  January  1981. 

2.  H-K.  Schuman,  D.R.  Pflug,  and  L.D.  Thompson,  "Infinite  Planar  Arrays 
of  Arbitrarily  Bent  Thin  Wire  Radiators,"  IEEE  Trans.  Ants.  Propg., 

Vol.  AP-32 ,  No.  4,  pp  364-377,  April  1984. 

3.  H.  Schuman,  D.  Pflug,  and  L.  Thompson,  "Space-Based  Array  System 
Simulation  and  Validation,"  First  Technical  Report,  Rome  Air  Develop¬ 
ment  Center,  Griff iss  AFB,  ITT,  June  1980. 


HIGHER  Al'i'RQXIMATION  ANALYSIS  VALIDATION  CASE 
37  ELEMENT  SIMPLE  DIPOLE  ARRAY 


NUMERICAL  ELECTROMAGNETICS  CODE 
BROADSIDE  SCAN 
37  ELEMENT  IMPEDANCE  SET 


HIGHER  APPROXIMATION  ANALYSIS 
BROADSIDE  SCAN,  INFINITE  ARRAY  START 
37  ELEMENT  IMPEDANCE  SET 


HRM37ZFP.  ELE  LEVEL  5  4-N0V-87 


NUMERICAL  ELECTROMAGNETICS  CODE 
37  ELEMENT  BROADSIDE  PATTERN 


21.4 


HIGHER  APPROXIMATION  ANALYSIS 
37  ELEMENT  BROADSIDE  PATTERN 


NUMERICAL  ELECTROMAGNETICS  CODE 
60  DEGREE  E-PLANE  SCAN 
37  ELEMENT  IMPEDANCE  SET 


HIGHER  APPROXIMATION  ANALYSIS 
E-PLANE  SCAN,  INFINITE  ARRA^  START 
37  ELEMENT  IMPEDANCE  SET 


HRM37EFP.  ELE  LEVEL  5 


3-NOV— 87 


NUMERICAL  ELECTROMAGNETICS  CODE 
60  DEGREE  H-PLANE  SCAN 
37  ELEMENT  IMPEDANCE  SET 


Figure  10 


HIGHER  APPROXIMATION  ANALYSIS 
H-PLANE  SCAN,  INFINITE  ARRAY  START 
37  ELEMENT  IMPEDANCE  SET 


HRM37HFP. ELE  LEVEL  5  31 -OCT-87 


HRM37HFP.  ELE  LEVEL  5  31 -OCT-87 


HIGHER  APPROXIMATION  ANALYSIS 

or 

FAILED  ELEMENTS 


Figure  12. 
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Dr.  James  R.  Rogers 


Atlantic  Aerospace  Electronics  Corporation 
6404  Ivy  Lane,  Suite  300 
Greenbelt,  Maryland  2C770-- 1406 

1.0  Introduction 

The  network  approach  to  solving  aperture  electromagnetic  problems 
(Harrington  and  Mautz,  IEEE  Trans,  AP,  Nov.  1976)  is  a  powerful  way  of 
formulating  the  solution  of  n  complex  problem  into  a  set  of  simpler*  connected 
problems.  The  technique  is  particularly  useful  when  parameters  of  a  small  pan  of 
the  problem  are  to  be  changed  repeatedly  (as  in  a  design  process)  while  those  of  a 
larger  part  of  the  problem  remain  constant.  Because  of  its  systematic  approach  to 
constructing  solutions,  the  network  approach  is  ideal  for  translating  for  nulations 
into  a  modular  computer  code. 


Using  the  network  approach,  we  are  currently  developing  a  computer 
program  to  model  waveguide-fed  aperture  antennas  on  a  general  body  of 
revolution  (BOR).  This  general  problem  toward  which  we  are  working  is 
depicted  below: 
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While  our  current  implementation  is  much  less  general  than  above,  we  have  more 


general  modules  already  developed  which  can  be  incorporated  after  fully 
checking  die  basic  network  program. 

Our  basic  objectives  in  developing  this  computer  program  are  to: 

1.  rigorously  model  small  apertures  on  a  large,  complex 
boay-of-re  volution,  so  that  various  dielectric  and  installation 
effects  can  be  examined, 

2.  structure  the  analysis  so  that  the  aperture  and  interior  parts  of  the 
problem  can  be  changed  repeatedly  while  the  large  exterior  part  of 
the  problem  remains  constant 

3 .  create  a  modular  program  so  that  parts  of  the  problem  (such  as  the 
exterior  or  interior  geometry,  aperture,  shape,  etc)  can  be  changed 
easily 

The  remaining  sections  of  this  paper  will  outline  the  network  formulation, 
describe  th^  current  program  implementation  and  give  an  example  of 
electromagnetic  solutions  for  a  rectangular  waveguide-fed  aperture  on  a  finite 
conducting  cylinder. 

2.0  Formulation 

Trie  network  approach  makes  use  of  the  equivalence  principle  (Harrington, 
Time  Harmonic  Electromagnetic  Fields.  McGraw-Hill,  1961).  Depicted  on  the 
next  page  is  an  illustration  of  an  original  problem  consisting  of  two  regions 
connected  by  an  aperture;  and  two  coupled  problems  that  are  equivalent  to  the 
original  problem.  This  equivalent  formulation,  which  I  will  call  the 
"short-circuit"  formulation  casts  the  problem  into  finding  unknown  equivalent 
magnetic  currents,  M  on  the  aperture.  This  is  different  from  the  more  usual 
application  of  the  equivalence  principle  where  the  problem  is  to  find  both 
equivalent  electric,  J,  and  magnetic  currents  on  all  surfaces.  The  solution  of  the 
short  circuit  formulation  can  be  thought  of  as  containing  implicitly  the  electric 
equivalent  currents,  rather  than  explicitly. 
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The  choice  of  M  in  the  exterior  equivalent  problem  and  -M  in  the  interior 
equivalent  problem  ensure  that  continuity  of  tangential  electric  field  is  satisfied 
across  the  aperture.  The  remaining  boundary  condition  leads  to  an  operator 
equation  for  the  unknown  magnetic  current  source: 

BOUNDARY  CONDITION. 
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OPFRATOR  EQUATION 

Hl(M)  +  h!  (M)  =  -  H'  (KS')  +  HLW) 


To  obtain  an  approximation  for  M,  we  use  tlie  method  of  moments: 


EXPANSION  FOR  M:  M  =  Xv.m. 

j=f  J  J 
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Upon  substituting  the  expansion  for  M  into  the  operator  equation  and  testing  the 
equation  with  the  N  testing  functions,  we  obtain  a  matrix  equation  for  the 
unknown  coefficients  of  our  expansion  for  M: 


[  Ye  +  V  ]  [V]  =  -  [I**]  +  [Is0''] 


WHEFE: 
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(fj  denotes  reylon  y  oi  i) 


The  Y's  are  the  admittance  matrix  elements  (due  to  the  magnetic  current  basis 
functions  radiating  into  the  region  with  the  conducting  boundary  present)  and  the 
Isc's  are  the  short  circuit  excitation  elements  (due  to  the  known  source  radiating 
into  the  region  with  the  conducting  boundary  present).  Both  of  these  are  given  by 
solution  of  a  boundary  value  problem  appropriate  to  the  particular  region.  Once 
the  matrix  and  vector  elements  are  calculated,  then  we  can  solve  the  system  of 
equations  for  the  coefficients  V.  Although  I  have  written  the  right  hand  side  as 
adding  the  interior  and  exterior  excitation  vectors,  usually,  the  system  of 
equations  is  solved  for  the  V's  using  the  excitation  vectors  one  at  a  time  (i.e., 
either  the  interior  or  exterior  excitation  vectors  are  zero). 
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The  matrix  equation  has  the  following  network  interpretation: 
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I  ....  1  KNOWN  SHORT  CIRCUIT 
n  CURRENT  GENERATORS 

Shown  is  an  exterior  network  connected  to  an  interior  network  through  a  series  of 
ports.  Each  port  has  associated  with  it  an  unknown  voltage  which  corresponds  to  a 
magnetic  current  basis  function. 

3.0  Initial  Geometry  for  Program  Implementation 

We  currently  have  developed  the  computer  program  using: 

1 .  a  rectangular  aperture 

2.  a  simple  rectangular  waveguide  interior  region  (same  cross 
sectional  shape  as  the  aperture),  matched  looking  into  the  feed 

3.  a  conducting  BOR  exterior  region 

The  aperture  basis  functions  are  z  x  the  transverse  E-field  functions  of  a 
rectangular  waveguide  mode.  Usually,  we  only  have  one  aperture  basis  function, 
namely  that  relating  to  the  dominant  waveguide  mode.  However,  the  program 
generality  allows  for  an  arbitrary  number  of  basis  functions. 


The  interior  equivalent  problem  is  thus: 
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We  assume  that  the  short  circuit  termination  of  the  interior  region  is  planar, 
which  iv,sii  ids  the  generality  of  the  program  to  rectangular  apertures  on  surfaces 
of  small  curvature.  Using  waveguide  modal  analysis  arid  our  choice  for  the 
magnetic  current  basis  functions,  the  boundary  value  problem  for  this  interior 
region  is  trivial. 


The  exterior  equivalent  problem  is  depicted  below: 
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We  represent  the  rectangular  aperture  on  the  surface  of  the  BOR  by  defining  a 
planar  apertur-  and  projecting  down  onto  the  surface  of  the  BOR  normally. 

As  in  the  interior  problem,  we  have  two  sources  in  the  exterior  problem:  M 
and  the  known  sources  (at  infinity)  which  give  rise  to  an  incident  planewave.  Each 
of  these  sources,  radiating  in  the  presence  of  the  conducting  BOR  represents  an 
exterior  scattering  problem.  As  described  previously,  we  must  solve  the 
boundary  value  problem  appropriate  to  the  exterior  region  to  obtain  the 
admittance  and  excitation  elements.  Here,  it  is  desirable  to  use  solutions  for  BORs 
that  have  already  been  obtained  in  the  literature:  such  as  those  by  Mautz  and 
Harrington  (AEU,22, 157,1978)  and  Mitschang  and  Putnam  (IEEE  Trans. 
AP-32.797. 19841.  These  codes  solve  the  exterior  scattering  problem  by  an 
application  of  the  equivalence  principle  to  obtain  the  solution  in  terms  of 
equivalent  electric  current  density,  J.  The  typical  expansion  for  J  is  in  terms  of 
unknown  Fourier  coefficients,  In  (not  to  be  confused  with  the  short-circuit 
excitation  vectors)  with  the  basis  functions  along  the  contour  of  the  BOR  being 
overlapping  mangles  functions: 

j-Z2Xk«+ el”* 

n  k 


For  our  aperture  problem,  the  exterior  admittance  and  excitation  elements 
are  given  by  the  formulas  on  the  next  page.  In  these  formulas,  the  elements  I* 
essentially  relan  the  magnetic  current  basis  functions  to  the  BOR  basis  functions. 

Thus,  we  arc  solving  a  BOR  method-of-moments  problem  simply  to  obtain 
the  exterior  elements  of  our  aperture  method-of-moments  problem.  If  it  sounds 
like  alot  of  work  --  it  is! 
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Given  the  exterior  and  interior  regions  as  previously  described,  we  have 
implemented  a  computer  program  which  solves  the  system  matrix  equstions  for 
either  exterior  or  interior  excitations.  A  flow  chart  of  this  program  is  illustrated 
below: 


STOP 


The  main  part  of  the  calculations  are  in  the  blocks  YE  and  YI,  each  of  which 
calculate  admittance  matrix  elements,  excitation  matrix  elements  and  the 
short-circuit  scattering  matrix  elements  (apertures  shorted)  appropriate  for  each 
region.  As  implemented,  the  minimum  storage  allocation  required  is  dominated 
by  the  system  admittance  matrix,  Y,  and  the  normalized  BOR  matrices  Zn  and  Yn, 
all  of  which  must  be  stored  in  core  simultaneously. 

A  possibly  better  organization  of  the  program  is  illustrated  in  the  flow  chart 
below. 
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Here,  the  exterior  and  interior  equivalent  problems  are  solved  by  independent 
programs  which  save  only  the  short-circuit  scattering  results  and  those  parts  of  the 
matrices  needed  to  calculate  the  admittance  and  excitation  elements.  For  many 
situations  of  multiple  small  apertures  on  a  large  BOR,  these  parts  that  are  needed 
to  be  saved  are  far  smaller  than  total  core  storage  required  in  performing  the 
exterior  (or  interior)  calculations,  especially  if  the  region  is  particulary  complex 
with  multiple  dielectric  layers,  etc.  Thus  it  may  make  sense  to  break  up  the 
network  computer  program  into  a  series  of  independent  programs :  with  a  separate 
program  to  make  the  connection. 


4.0  Example 


The  computer  program  is  currently  being  used  for  some  preliminary 
calculations  which  appear  promising.  An  example  is  for  a  waveguide-fed 
aperture  on  a  conducting  cylinder,  illustrated  below. 


APERTURE  BASIS  FUNCTION:  TE10  MODE  FIELD  FUNCTION 


Some  of  the  results  for  both  interior  and  exterior  excitations  are  shown  in  the 
figure  on  the  next  page.  For  the  exterior  radiation  calculations  (internal 
excitation)  three  different  phi-planes  for  the  gain  pattern  are  shown.  For  the 
exterior  scattering,  only  the  phi-phi  polarization  pattern  in  the  phi=0  plane  is 
shown.  The  plot  displays  the  short-circuited-aperture  results,  the  magnetic 
current  (aperture)  contribution  and  the  coherent  total. 

5.0  Conclusions 

The  network  approach  as  described  by  Harrington  appears  to  be  a  very 
useful  way  to  construct  electromagnetic  solutions  to  problems  involving  small 
apertures  on  large  complex  bodies.  Also,  the  approach  is  very  useful  for 
combining  different  types  of  analyses  into  electromagnetic  solutions;  e.g.,  series 
solutions  in  one  region  and  method  of  moments  solutions  in  another.  We  have 
implemented  a  very  modular  computer  program  for  waveguide-fed  apertures  on 
a  conducting  body  of  revolution  BOR.  The  usefulness  of  the  computer  program 
appears  to  be  when  design  issues  require  that  a  small  part  of  the  problem  (such  as 
the  aperture  or  dielectric  parameters  of  the  waveguide)  is  to  be  varied  repeatedly 
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while  a  large  part  of  the  problem  (such  as  the  exterior  region)  remains  constant. 
Initial  results  appear  promising,  but  the  accuracy  of  the  implementation  is  yet  to 
be  tested. 

Our  analysis  and  computer  program  is  structured  so  as  to  be  able  to 
incorporate  more  general  waveguide  and  exterior  regions  for  which  we  have 
existing  computer  codes,  devloped  in-house.  These  include  traveling-wave  fed, 
thick  slots  with  multilayered  dielectrics  as  the  interior  region  and  multilayered 
dielectric/resitive  shell  and  impedance  BORs  for  the  exterior  region.  After  fully 
developing  the  network  computer  program,  we  plan  to  incorporate  these  more 
general  modules. 
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I.  INTRODUCTION 

In  a  previous  paper  (H.  A-  Sabbagh,  et  al,  2nd  Annual  ACES  Conference  Proceedings,  March 
18-20, 1986),  [l],  we  presented  a  model  for  computing  electromagnetic  interactions  with  advanced 
composites,  specifically  graphite-epoxy.  That  model,  which  was  developed  for  use  in  eddy-current 
nondestructive  evaluation  (NDE),  has  now  been  extended  to  include  the  effects  of  lay-ups  of 
arbitrary  order,  i.e.,  in  which  the  principal  axes  of  each  layer  may  be  rotated  from  layer-to-layer. 
In  addition,  an  equivalent  ‘bulk  model’  has  been  developed,  in  which  the  multi-layer  composite 
slab  is  replaced  by  a  single  layer  with  an  effective  single-layer  conductivity  tensor. 

In  this  paper  we  will  describe  the  extended  model,  and  discuss  its  validation  using  experi¬ 
mental  eddj  -current  data. 

II.  COMPUTING  A  NUMERICAL  GREEN’S  FUNCTION  FOR  A  HALFSPACE 

In  this  section,  we  develop  a  computational  method  for  generating  the  Green’s  function  for  a 
halfspace.  The  approach  we  use  is  based  on  our  need  to  generalize  to  workpieces  of  finite  extent 
in  the  z-direction  and  to  multi-layered  anisotropically-conducting  media. 

Using  the  results  in  [1]  for  Su,  Sj 4,  S33}  and  S31  and  the  eigenvalues  ±Aj  and  ±A3l  we  make 
the  following  definitions: 


f*\=Su/\i,  QlO  =  Suq/\o,  <*2  —  ^WAl,  020  =  524o/Aq» 

7i  =  532/A3,  710  =  <?32o/^0>  72  =  ^3l/^3>  730  =  ^lo/Ao- 
Using  the  expressions  in  (1),  the  eigenvectors  L  the  medium  are: 
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while  the  eigenvectors  in  free  space  are  : 
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In  the  present  development,  there  are  three  regions;  Region  A  is  above  the  source,  Region 
B  is  between  the  source  ard  the  halfspace  and  Region  C  is  in  the  halfspace.  If  we  assume  the 
source  is  at  z'  >  0  and  the  halfspace  is  located  at  z  —  0,  then  the  Green’B  function  becomes, 


'  +  bVice-W*-*1'),  z'  <  2 

cflioeM*-*')  +  dv2oe-x°(x-M^ 

•f  ei;3QeXo(*-J‘,)  -f  0  <  z  <  z' 

c'^e^x  +  e"D3eXiX  z<  0 


(4) 


The  eight  unknowns  a,  b,  c,  d,  e,  /,  c\  e'  in  each  column  vector  are  computed  with  the  aid  of  four 
boundary  conditions  at  the  halfspace-air  boundary  and  four  boundary  conditions  at  the  location 
of  the  source.  Thus,  single  ply  Green’s  matrices  can  be  computed  by  solving  8x8  systems  of 
equations.  However,  by  carefully  examining  the  conditions  at  the  source,  we  see  that  the  c  and 
t  are  computed  from  the  source  values  and  that  a  is  a  function  of  d  while  b  is  a  function  of  /. 
Hence,  we  can  reduce  the  computation  to  solving  an  4  x  4  system  for  d,f,  c',e'. 
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relationships  with  d  and  /. 
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The  actual  4x4  system  that  we  solve  is 


SX  =  Y,  (8) 

with 

S  -  (  %)>  ®40i  — ®1»  “®3  ) 

x  =  (J,  ;  \  e')T  (6) 

y  =  (-fJi0C  -  €»30«)  C~*‘°X' 

J  -  de^z\  f  =  /e*4*' 

Note  that  the  right  hand  side,  Y,  is  a  function  of  the  source  type,  magnetic  or  electric,  and  the 
direction  cf  the  source,  x y-,  or  z-. 

The  solution  of  (5)  gives  d  (—*  d),  f  (— »  /),  c',  and  e'.  From  d  and  /,  we  can  find  a  and  b 
thus  giving  all  coefficients  in  (4). 

If  all  we  desire  is  the  reflection  coefficients,  which  are  de2*3*  and/e2*0*  ,  then  we  solve  the 
system 


for  xi  and  xj. 
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III.  COMPUTING  A  GREEN’S  FUNCTION  FOR  A  FINITE  WORKPIECE 


In  tliis  section,  we  extend  our  method  to  workpieces  of  finite  extent  in  the  z-direction.  The 
expressions  (1),  (2)  and  (3)  are  still  valid  but  (4)  changes  due  to  an  extra  region,  Region  D 
which  is  below  the  workpiece.  We  assume  that  the  workpiece  thickness  is  zw  and  that  it  satisfies 

”Z||;  ^  0. 

The  Green’s  function  now  becomes; 
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(8) 


Again  using  the  boundary  conditions  and  the  conditions  at  the  source,  wc  can  find  the  un¬ 
knowns  by  solving  an  8  X  8  system  of  equations  for  d,  /,  c',  t\  d',  /',  g,  h  and  then  use  the  table 
for  Magnetic  Sources  or  Electric  Sources  to  find  c,a,e,b.  The  actual  8x8  system  that  we 
solve  is 


sx  =  y, 
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Again,  if  all  we  deBire  is  the  reflection  coefficients,  then  solve  the  above  equation  for  the  first 
two  unknowns  with  e-A°''  omitted  from  Y, 

The  equation  (9)  is  ill-conditioned  as  it  is  defined,  hence  we  must  do  some  scaling  in  order  to 
get  meaningful  results.  Examination  of  S  shows  that  column  5  is  multiplied  by  eAlt“  and  column 
6  by  eA,*w.  If  we  divide  these  columns  by  the  exponential,  factors,  S  is  better  conditioned  which 
allows  us  to  solve  for  X.  This,  of  course,  means  that  the  5th  and  6th  positions  in  the  solution  must 
be  ‘unsealed'  which  is  accomplished  by  dividing  these  positions  by  ex,z"  and  eA,*“,  respectively. 


IV.  COMPUTING  A  GREEN’S  FUNCTION  FOR  A  LAYERED  WORKPIECE 

lit  this  section,  we  extend  our  method  to  workpieces  of  finite  extent  in  the  z-direetion  that  aie 
layered.  Again  there  are  four  regions;  however  Region  C  is  now  divided  into,  say  10,  subregions 
which  are  denned  as  follows: 

Layer  1:  zx  <  z  <  zq  =  G 

Layer  2:  zj  <  7,  <  zx 


Layer  10:  —  —  zxo  <  z  <  z9 

The  Green’s  function  now  becomes: 
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Again  using  the  boundary  conditions  and  the  conditions  at  the  source,  we  can  find  the  un¬ 
knowns  by  solving  (in  the  case  of  10  layers)  a  44  x  44  Bystern  of  equations  for  d,  /,  c(*),  e^1), 
d^\  •  <  •)  c^10\  e^10l,  d^10),  /(10),  5,  h  and  then  use  the  table  for  Magnetic  Sources  or 

Electric  Sources  to  find  c,a,e,6.  In  general,  if  there  are  nj  layers,  then  the  system  to  solve  is 
(4n*  f  4)  x  (4n/  -f  4).  The  form  of  this  system  is: 


SX=r.Y, 
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with  the  terms  not  previously  defined  being 
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Again,  if  all  we  desire  is  the  reflection  coefficients,  then  solve  the  above  equation  for  the  first 
two  unknowns  with  e~x°x'  omitted  from  Y\ 

As  before,  equation  (13)  is  ill-conditioned  as  it  is  defined.  The  columns  of  S  that  contain 
the  factors  e~Al/“  and  c~x*h<  (remember,  hi  <  0)  are  the  ones  that  need  to  be  scaled  and  this 
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is  done  by  dividing  these  columns  by  the  exponential  factors.  Again,  we  must  be  sure  that  the 
corresponding  positions  in  the  solution  vector  are  ‘unsealed*  to  give  the  correct  solution. 

Careful  examination  of  £■  shows  that  it  is  a  banded  matrix  with  its  upper  bandwidth  mu  =  5, 
its  lower  bandwidth  mi  —  5  and  its  (total)  m  -■  m„  +  mj  -f  1  =  11.  We  used  subroutines  zgbco 
and  zgbsl  from  UNPACK  to  solve  the  system. 

Up  to  this  point,  we  have  assumed  that  all  layers  are  oriented  in  the  same  direction  with 
respect  to  a  global  coordinate  system.  Let  us  now  suppose  that  each  layer  can  be  rotated.  Since 
eigenvalues  are  unchanged  aud  eigenvectors  are  merely  transformed  by  the  rotation,  it  is  straight 
forward  to  set  up  the  equations  in  this  situation.  The  rotation  matrix  in  this  case  is 

W  V  Ojxj  71(9)  ) 

where 


( 


cos(fl)  sin(0) 
—  sin(0)  cos (0) 


If  we  let  Qi  be  the  angle  of  rotation  of  the  ith  layer  with  respect  to  the  global  system,  then  the 
eigenvectors  for  this  layer  become 


®2,r  =  4‘r  -  *fr  =  nwW- 

and  the  only  change  in  (13)  is  the  definition  or  S M  which  becomes, 
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This  is  a  general  model  for  the  computation  of  the  Green’s  function  and  the  computation 
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have  assumed  that  the  conductivities  of  each  layer  are  the  same.  However,  the  generalization 
to  a  model  where  each  layer  has  its  own  unique  conductivities  could  be  easily  accomplished  by 
computing  the  eigenvalues  and  eigenvectors  of  each  layer  in  its  own  ‘local’  coordinate  system  and 
then  proceeding  with  the  rotation  stage  above. 

We  are  constantly  attempting  to  validate  our  computer  models  in  several  way#,  one  of  those 
ways  is  comparing  computed  values  with  measured  values.  The  figure  below  shows  such  a  com¬ 
parison.  The  workpiece  consisted  of  18  layers,  the  first  eight  at  0°,  the  ninth  and  tenth  at  90°, 
and  11-18  at  0°.  The  results  show  very  good  correlation  and  give  us  confidence  in  the  model. 


6 


Figure  1.  EMF  induced  into  a  probe  coil  due  to  a  circular  current  loop  above  a  graphite- 
epoxy  workpiece,  which  consists  of  eighteen  unidirectional  layers  in  a  [0  0000000  90]s  lay-up. 
Neither  the  conduct  v*  Kies  of  any  layer,  nor  the  conductivity  of  the  bulk  workpiece,  were  known. 
The  peak  computed  value  is  3,5V,  and  the  peak  measured  value  is  4.4V. 
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V.  A  BULK  MODEL 

Part  1:  Theory 

One  alternative  to  modeling  layero  individually  is  to  model  them  in  bulk  with  an  equivalent 
single-layer  slab.  The  bulk  model  is  acceptable  when  wavelengths  are  larger  than  a  cycle  of  plys: 
a  condition  satisfied  in  our  laboratory  by  the  workpieces  and  radiative  frequencies  we  use.  (Many 
graphite  epoxy  layups  are  built  from  repeated  cycles,  with  each  identical  cycle  consisting  of  a  few 
plys  of  various  orientations.  The  cycle  [+22.5°,  —22.5°]  describes  a  layup  of  plys,  each  with  unidi- 
rectional  fibers,  whose  orientations  alternate  between  +22.5°  and  —22.5°.)  It  is  computationally 
more  efficient  to  use  the  bulk  model,  rather  than  the  multilayer  model,  whenever  the  thin-cycle 
approximation  is  satisfied. 

The  most  general  conductivity  matrix  for  stratified  conductors  is 


(5.1) 

where  z  is  the  axis  of  stratification.  A  short  derivation  (see  our  NSWC  Phase  2  Fifth  Quarterly 
Report,  Appendix  B,  pp. 18-19)  shows  that  rotating  x  and  y  coordinates  by  an  angle  0  changes  the 
conductivity  matrix  as  follows: 


7  =  7.2, 


a  = 


'v* 


'  xy 
7VV 


_  (  /  4  Ct{axv  4  <7yi-)  4  s7ovv]  [cV*y  4  ca{ovv  -  oxx)  -  al<jvx\  0  \ 

( 0 )  —  I  [c7CyX  4  Cs(< 7yy  —  O Xx)  ~  ° «ty]  [c*  &yy  ~  *h  Pyx)  "h  ■s*Cr*®]  0  I  , 

V  0  o  o„) 

c  ~  cos  0,  a  —  sin  0. 


(5.2) 


Two  examples:  a  [-1-22.5°,  — 22.5°]-layup  of  identical  plys  is  represented  by  a  matrix  7  =  |[o,,(- f-22.5°) 
4f'(  -22,5°)];  a  [0°,  430°,  -45°,  -45°]-layup  of  identical  plys  is  represented  by  7  =  ^[^(O0)  4  ' 
£'(430°)  +  2jf(-450)]. 

It  is  easy  to  show  (Bee  ibid.,  pp. 19-21  and  our  NSWC  Phase  2  Sixth  Quarterly  Report, 
Appendix  C,  pp.1,2)  that  if  the  slab  is  an  energy  absorber  (as  opposed  to  source)  then  crxy  =  oyx. 
Given  that  the  matrix  in  (5.1)  is  symmetric,  it  is  easy  to  show  that  rotation  by  an  angle  <j> — such 
that  tan  2 <p  ~  2oxy/(uxx  —  ovv) — leads  to  a  diagonal  conductivity  matrix 

(om  0  0  \ 

<f($)  —  I  0  cry  0  1  (5.3) 

\  0  0  a, ) 

with  nonnegatme  elements  ox,av,crf.  The  angle  <p  defines  a  principal  coordinate  system. 

It  is  for  conceptual  simplicity  that  we  showed  general  layered  conductors  have  diagonal 
conductivity  matrices,  up  to  rotations.  In  our  bulk  model,  however,  it  is  just  as  easy  to  use 
conductivities  (5.1)  as  it  is  to  use  (5.3);  we  treat  the  more  general  case. 

Wc  will  not  repeat  here  the  details  of  the  eigenmode  technique  developed  in  our  NSWC  Phase 
1  Final  Report.  We  will  show  only  how  to  compute  eigenmodes.  In  cur  eigenmode  technique,  a 
four-component  eigenvector  V *  and  its  eigenvalue  A  represent  a  travelling  wave  according  to  the 
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code  (Ex,  Ev,  Ht,  Hy)T  =  where  tilde  denotes  Fourier  transformation  with  respect  to 

x  and  y;  each  conductor  has  four  such  eigenmodes.  There  is  a  method  for  selecting  the  linear 
combination  of  eigenmodes  that  represents  radiation  due  to  a  point  current  in  the  presence  of  a 
slab — the  linear  combination  defines  a  so-called  Green’s  matrix.  The  field  dui  to  a  distributed 
current  is  the  integral,  evaluated  over  point  sources  in  the  distribution,  of  the  field  due  to  point 
sources.  Thus,  eigenmodes  are  at  the  heart  of  field  computation  for  arbitrary  currents  in  the 
presence  of  anisotropic  conductors. 

Fourier  analysis  yields  a  matrix  ^ 
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(5.4) 


whose  eigenvectors  and  eigeuvalu  s  lead  to  eigenmodes.  An  elementary  derivation  (see  our  NSWC 
Phase  2  Fifth  Quarterly  Report,  Appendix  B,  pp.  22,23)  shows  that  he  four  eigenvalues  (±Ai,  ±A3) 
of  77  may  be  computed  in  just  a  few  steps: 


Aa  ~  det  ^  ,  Aa  =  det  ^  i)  '  an(*  ^  ~  aa  +  ^7  +  CP  + 

rj  =  ~(E  +  /E2 -  4A«Aa)  and  r3  =  ^(E  -  >/E2-4ABAa). 

If  |ri|  >  |r2|  then  j  =  1;  otherwise  j  =  2. 

db  Ai  —  and  i  A3  —  ± 


(5.5) 


There  is  an  algorithm  for  computing  explicitly  tae  eigenvectors  of  5.  (See  our  NSWC  Phase  2 
Fifth  Quarterly  Report,  Appendix  B,  pp.24,25.)  The  eigenvector  algorithm  is  as  elementary  and 
as  straightforward  as  the  eigenvalue  algorithm. 


Part  2:  Partial  Verification 

The  bulk  model  can  be  used  to  predict  fields  due  to  an  arbitrary  current  in  the  presence 
of  an  anisotropic  slab,  provided  the  conductivity  of  the  slab  is  known.  >bb*gh  Associates  owns 
anisotropic  workpieces  (±22.5°  layups  of  graphite  epoxy)  but  has  no  "f'-jd  and  true”  means  of 


measuring  nondestructive^  their  anisotropic  conductivities.  We  used  the  bulk  model  to  infer  the 
conductivity  of  workpieces  and  thereby  verified  indirectly  the  validity  of  the  bulk  model. 

In  the  laboratory,  a  1MHz  alternating  current  loop  was  placed  above  a  graphite  epoxy 
workpiece  and  a  pickup  coil  scanned  over  loop  and  slab.  The  resulting  measurements  are  plotted 
in  Figure  Bl  (left).  Theoretical  computations  were  performed  for  the  laboratory  setup  (including 
physical  parameters  such  as  radius  and  position  of  current  and  pickup  coils,  and  the  thickness  of 
the  workpiece)  for  theoretical  ±22.5°  layups  of  various  total  conductivities.  The  bulk  conductivity 
that  best  reconstructed  the  experimental  data  had  ax  —  6000^  and  av  =  lOOO^;  the  theoreticnl 
reconstruction  is  in  Figure  Bl  (right).  (The  reconstruction  is  insensitive  to  az  in  the  range  from  1~ 
through  at  least  1000—.)  The  inferred  conductivity  corresponds  to  a  ±22.5°  layup  of  unidirectional 
plys  that  each  has  conductivity  ox  =  7000^  and  av  =  0^;  av  =  0  is  reasonable  for  our  workpieces 
because  high  resin  denisty  between  fiber  tows  affects  the  transverse  conductivity  as  resistors  in 
series,  zeroing  the  bulk  transverse  conductivity.  The  short-cycle  bulk  approximation  is  satisfied 
because  the  computed  1MHz  wavelengths  (2x/ImAi  —10cm  and  27r/ImA3  =4cm)  are  much  longer 
than  the  «.02cm  cycle  length. 

Figure  Bl  represents  a  partial  verification  of  the  bulk  model  because  it  shows  that  the  model 
can  reconstruct  experimental  data,  with  the  aid  of  some  parameter  fitting.  The  result  of  parameter 
fitting  is  a  conductivity  inference  that  yields  conductivities  in  the  right  “ballpark"  for  graphite 
epoxy.  The  verification  in  Figure  Bl  is  not  total  because  we  have  not  compared  conductivities 
inferred  from  eddy-current  measurements  to  tried  and  true  conductivity  measurements. 


.1* 
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P’igure  Bl.  Magnitude  of  EMF  at  IMIlz  for  a  ±22.5”  layup.  The  experimental  data  (left) 

“  !"  units  of  A/O  counts.  The  theoretical  reconstruction  (right)  is  in  units  of 
trolts  and  assume*  a  1A  current  m  the  circular  exciting  loop. 
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Introduction 


The  design  of  eddy-current  probe  coils  is  important  in  the  quantitative  nondestructive  evaluation 
(NDE)  of  advanced  composite  materials,  such  a*  graphite-epoxy.  Much  of  the  present  state  of 
the  art  in  the  design  of  such  probes  is  empirical,  or  based  on  elementary  circuit-theoretic  models. 
These  models  do  not  yield  as  much  information  as  a  designer  needs,  even  when  the  workpiece  is 
a  ‘classical  material’,  such  as  stainless  steel.  In  the  presence  of  the  newer  composite  materials, 
the  problem  becomes  exacerbated  because  a  large  proportion  of  these  are  anisotropic,  and  many 
of  the  conventional  design  rulcs-of-thumb  become  useless. 

We  are  developing  a  computer  code  that  will  allow  the  designer  of  probes  to  compute  fields 
within  a  multi-layer  composite  workpiece,  and  to  determine  such  important  probe  parameters 
as  impedance  and  coupling.  The  model  will  be  fully  three-dimensional  and  will  include  the 
effects  of  ferrite  cores  and  shielding.  It  is  based  on  a  volume  integral  equation  that  is  solved 
iteratively  using  conjugate  gradients  and  FFT  techniques.  Problems  with  12,000  unknowns  are 
being  routinely  solved  on  the  Alliant  FX/1  minisupercomputer,  in  reasonable  times.  In  this  paper 
we  will  briefly  outline  the  electromagnetic,  computational  and  graphics  as|)ects  of  the  model  and 
code.  In  addition,  we  will  describe  the  first  validation  steps,  which  involve  code-comparison  and 
convergence-of-solution  criteria. 

Ferrite-Core  Probe  Model 

(a)  Integral  Equation  for  the  Magnetisation 

In  our  previous  work1-4,  we  have  developed  a  model  of  a  ferrite-core  probe  over  a  planar 
stratified  workpiece  as  illustrated  in  Figure  1.  In  this  model,  which  was  developed  for  NDE,  the 
field  computations  require  the  known  currents  in  the  coils  and  the  unknown  'Ampcrian  currents’ 
due  to  the  magnetization  of  the  ferrite  core.  Hence,  we  include  a  magnetic  current  source, 
Jm  =  —  to  account  for  the  presence  of  the  ferrite.  With  two  distinct  current  source  types 

and  the  surface  of  the  workpiece  in  the  plane  z  =  0,  the  magnetic  field  has  the  form 

H(r)  -  f  [G^rlr')  •  J.(r')  +  G^(r|r') .  Jm(r')]dr',  (1) 

Jtxril+oor- 
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Je  being  the  coil  current.  The  first  superscript  on  the  Green’s  tensorst  G^me)  and  G^mm^v  indicates 
the  type  of  field  (m  for  magnetic  and  e  for  electric)  and  the  second  the  nature  of  the  source 
current.  These  tensors  depend  partly  on  the  structure  and  material  properties  of  the  workpiece 
since  such  factors  will  determine  the  reflected  field.  In  fact  all  the  relevant  effects  of  the  workpiece 
are  embodied  in  a  set  of  reflection  coefficients  contained  in  the  above  Green’s  functions.  In  the 
most  general  case  we  have  encoded,  a  laminated  composite  material  is  modeled  as  a  multi-layered 
anisotropic  slab  structure  and  the  reflection  coefficients  computed  accordingly.  Simpler  structures 
can  also  be  accomodated;  for  example  by  putting  the  reflection  coefficients  to  zero,  we  compute 
the  magnetisation  of  the  core  in  free  space. 

The  first  term  under  the  integral  in  (1)  is  the  incident  magnetic  field,  HW,  produced  by  the 
prescribed  electric  currents  in  the  coil.  is  given  independently  of  the  ferrite  core  and  is 
therefore  independent  of  M  or  J,„.  Hence,  assuming  a  nonconducting  core, 

H(r)  =,  H«(r)  +  /  G^m>(r|r')  •  Jm(r')dr'.  (2) 

Jcorm 

Our  aim  is  to  define  a  volume  integral  equation  for  computing  the  core  magnetisation,  prefer¬ 
ably  in  such  a  way  that  a  numerical  solution  may  be  found  even  in  casec  where  the  ferrite 
permeability  is  infinite.  In  most  practical  situations  the  relative  permeabilty  of  the  ferrite 
used  in  eddy-current  probes  is  fairly  large,  typically  in  the  range  200  to  2000,  and  it  jb  use¬ 
ful  to  get  infinite  permeability  solution  for  comparison.  To  derive  the  desired  equation,  we  put 
H(r)  =  B(r)//ro  —  M(r),  so  that  (2)  becomes 


Mo 


^  -  M(r)  -f  ju>n o  J  G(mm>(r|r')  •  M(r')dr 
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MO  Jcjor,  L 
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(3) 


I  being  the  unit  tensor.  Then  multiplying  (3)  by  u  —  (I  -  Mo/m)>  au^  using  the  fact  hat 
M  =  (B//ro)(l  -  Mo/m).  8ivcs 


M<°(r)  =  M(r)  +  ^-il  -  M(r')dr'.  (4) 

VjJLLci 


This  is  the  basic  integral  equation  for  the  magnetization  vector.  Its  solution  is  the  starting  point 
for  determining  the  fields  and  driving-point  impedance  of  the  ferrite  core. 

The  Green’s  function  can  be  written  in  the  form  of  a  two-dimensional  Fourier  transform, 


G(m"*)(x  ~x\y~  y\ z, z')  =  JJ°° G<mm)(A*, kv ; z, z')e‘,'[fc-(*_x')"hfcy(v"v')1dJta:<iitl„  (5) 

When  this  is  substituted  into  (4)  the  integrals  over  x'  and  y'  become  Fourier  transforms  and  the 
resulting  integral  equation  for  the  magnetisation  becomes: 


MW(r)  =  M(r)  f 

r)  liz'ir 

J  JJ-oo  L  _7<*>Mo  . 
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Note  that  v  vanishes  for  a  core  region  with  the  free  space  permeability  and  is  equal  to  1.0  when 
the  permeability  is  infinite. 

The  Green’s  function  consists  of  two  parts,  a  free-space  part,  which  ignores  the  presence  of 
the  slab  and  a  part  which  transforms  the  source  into  the  reflected  field.  The  free-space  part,  in 
turn,  consists  of  two  parts,  and  a  ‘depolarization’  term,  G^m^  is  given  by 


G^)m)(A:x,  kv]  z,  z')  -  jwe o 
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where  the  (+)  sign  goes  with  z  >  z' ,  (-)  with  z  <  z',  and  A0  =  (k2  -f  k2  ~  k2)1^2.  The 
depolarization  term  is  given  by 
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G^m)(kx,ku;  z,z')  =  (8) 

V  '  WflQ 

The  reflected  Green’s  function  is  defined  in  terms  of  reflection  coefficients  iZ*,,  RxV  etc.,  whose 
values  depend  upon  the  nature  of  the  slab  and  are  independent  of  the  location  of  the  source  and 
field  points.  Thus,  the  reflected  Green’s  function  has  the  general  structure 


The  x-x',  and  y  —  y'  dependence  of  the  complete  Green’s  tensor  G(mm),  implies  than  the  source 
integation,  equation  (4),  is  a  convolution  in  x  and  y.  In  addition,  the  free  space  Green’s  tensor 
has  a  z  —  z'  dependence  while  the  reflection  Green’s  term  has  a  z  -f  z'  dependence.  Therefore 
(4)  contains  the  sum  of  a  convolution  and  a  correlation  in  z.  In  designing  a  numerical  algorithm 
for  computing  M  from  a  discrete  version  of  (4),  we  have  taken  full  advantage  of  this  convolu- 
tional/correlational  structure. 

(b)  Discretization  of  the  Integral  Equation  by  Taking  Moments 

The  discretization  of  the  integral  equation  (4)  is  done  by  subdividing  the  legion  of  space 
occupied  by  the  core  into  Nt  layers,  each  of  depth  6t  and  then  expanding  the  magnetisation 
vector  and  the  permeabilty  function  v  using  pulse  functions.  Thus 
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where  zQ  is  the  perpendicular  distance  from  the  workpiece  to  the  bottom  of  the  source  grid  and 
the  pulse  functions  satisfy 


if  k  <  a  <  k  -f  1.0; 
otherwise. 


(12) 
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We  are  going  to  use  Galerkin’s  variant  of  the  method  cf  moments  to  complete  the  discretiza¬ 
tion.  In  Galerkin’s  method,  wc  ‘test’  the  integral  equation  (4)  with  the  same  pulse  functions  that 
we  used  to  expand  the  unknown,  M,  in  (7).  That  is,  we  form  moments  of  (4)  by  multiplying  (6) 
by  with  M  given  by  (7),  and  then  integrating  with  respect  to  x,y  and  z 

over  each  cell.  This  yields  a  linear  system  for  I/mj: 

Nm  N.  Ny 

Iimj  =  Ml- mj  +  Vlmj  £  S  *  I  LAfJ,  (13) 
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Tjj  is  defined  by  letting  Zj  =  Zg  +  jSa\  j  ~  1  ,Nt,  a is 
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as  being  of  Toeplitz  form  in  (l,  L)  and  (m,  M),  the  matrix  of  coefficients  decomposes  into  two 
matrices,  one  of  which  has  the  Toeplitz  form  in  (j,  J)  and  the  other  has  a  Hankel  form  in  (j,  J). 
This  structure,  which  is  a  direct  consequence  of  the  convolutional/correlational  nature  of  the 
basic  integral  equation,  allows  us  to  use  the  fast  Fourier  transform  for  computing  the  result  of 
multiplying  an  arbitrary  vector  by  the  matrix.  It  is  important  that  this  operation  is  carried  out 
efficiently  since  it  is  used  repeatedly  in  the  conjugate  gradient  procedure. 


Validation  and  Results 


tr-i:  j  _  a.z  _  „  _i i a i_.. _ i _ l _ 1 _ j _ i~__  -  _ir _ :_x _ 

v  tmuauuii  uicb&o  uu  uiv  pauuigc  uavc  uccu  uuuc  uy  ocjj.  iaauoie>  tamy 


tcatiug,  by 


results  with  data  computed  directly  from  available  analytical  expressions  and  by  comparing  field 
calculations  with  data  obtained  independently  using  a  finite-element  code  designed  for  solving 
two-dimensional  electromagnetic  field  problems6.  Agreement  with  the  two-dimensional  finite- 
element  code  is  important  since  it  validates  a  crucial  part  of  the  package  that  determines  the 
magnetisation  of  ferromagnetic  materials. 

To  give  an  example  of  an  external  validation,  the  electric  field  was  determined  for  an  axiaily 
symmetric  ferrite-cored  probe  (core  radius  0.25mm,  core  length  10mm,  coil  O/D  0.45mm,  coil 
I/D  0.25mm  and  axial  coil  length  0.5mm).  The  probe,  shown  in  Figure  2,  is  based  on  a  design 
for  turbine  disc  inspection  at  1  MHz  on  components  of  conductivity  0.82  X  108£m-1  and  has  a 
core  of  negligible  conductivity  whose  relative  permeability  is  200.  The  azimuthal  electric  field  was 
computed  using  both  a  two-dimensional  finite-element  code8  and  our  volume  integral  method. 
Figures  3  and  4  compares  the  real  and  imaginary  parts  of  the  field  at  the  surface  of  the  test  piece 
for  the  two  calculations  showing  good  agreement  between  the  results. 

Experimentally  it  has  been  shown  that  cup-cored  probes  (figure  5)  provide  very  good  coupling 
with  the  workpiece  and  are  well  suited  for  testing  composite  materials  such  as  graphite-epoxy. 
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Figure  6  shows  the  azimuthal  electric  field  at  the  surface  of  an  isotropic  testpiece  for  zero  lift-off, 
showing  that  the  field  is  mainly  confined  within  the  probe  region.  An  assessment  of  the  coupling 
can  be  found  from  the  normalized  impedance  characteristic  and  therefore  it  is  important  that 
impedance  calculations  are  included  in  the  model.  A  normalized  impedance  diagram  for  the 
cup-core  probe  at  various  lift-off  values  is  shown  in  figure  7.  These  results  were  computed  for  the 
cup  core  probe  above  an  isotropic  half-space  of  conductivity  20,0005m"1. 

Conclusion 

A  comprehensive  computer  code  for  rerearch  and  design  studies  in  electromagnetic  NDB  is 
now  at  an  advanced  stage  of  development.  It  has  the  capability  of  predicting  the  impedance 
characteristics  of  fully  three-dimensional  eddy-current  probes  in  the  presence  of  metals,  semicon¬ 
ductors  and  advanced  composites,  as  well  as  finding  the  electric  and  magnetic  field.  By  using 
a  combination  of  the  conjugate  gradient  method  applied  to  a  matrix  and  FFT  techniques,  we 
have  arrived  at  an  algorithm  that  is  both  efficient  in  CPU  time  and  has  modest  storage  require¬ 
ments.  Pre-  and  post-processors  are  currently  being  developed  to  make  the  pakag<  available  to 
the  general  user. 
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Figure  2.  High  resolution  eddy-current  probe.  Core  length  10mm,  diam¬ 
eter  0.5mm,  coil  O/D  0.9mm,  I/D  0.5mm,  axial  length  oi  coil 
0.5  mm, 
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Figure  6.  Cup  core  eddy-current  probe  of  a  type  suitable  for  the  inspec¬ 
tion  of  graphite-epoxy.  Dimensions  are  in  mm.  Typical  oper¬ 
ating  frequency,  1  MI{z, 
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Figure  0.  Radial  variation  of  the  azimuthal  electric  field,  fy,  at  the  sur¬ 
face  of  a  homogeneous  half-space  conductor  for  the  cup  core 
probe  shown  in  fig. 5. 
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Figure  7,  Normalised  impedance  characteristic  for  a  cup  core 
probe  (fig.5)  above  an  isotropic  workpiece  of  conductivity 
20,0005m-1  for  lift-off  values  (a)  zero  (b)  0.6mm  (c)  1.2 mm 
(d)  1.8  mm, 
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Abstract 

This  paper  examines  soil  models  which  are  useful  for  calculations  of  responses  of  long, 
aerial  wires  to  plane  wave  excitation.  Electrical  characteristics  of  non-rnagnctic  soils  are 
compared  for  soil  models  with  frequency -dependent  and  frequency-independent 
constitutive  parameters  o60 n  and  c60n-  Responses  of  aerial  wires  are  presented  for  plane 
wave  excitation  with  risetimes  ranging  from  0.1  ns  to  10.0  ns. 

latEpdufiliatj 

It  has  long  been  known  that  soil  conductivity  and  dielectric  constant  arc 
ficquency-depcndeut  ’  .  Early  measurements  by  Scott  were  used  to  formulate  a  soil 
model  whose  frequency-dependent  constitutive  parameters  arc  calculated  solely  from 
volumetric  water  content  .  By  exlraixdation  of  the  experimental  data,  the  resulting  soil 
model  can  be  used  over  a  wide  frequency  band  from  a  few  Hertz  to  about  30  GHz. 
However,  since  this  model  ignores  potentially  important  variables  such  as  soil  composition 
and  temperature,  it  is  necessarily  limited  in  applicability.  For  example,  later 
measurements  of  soil  conductivity  and  dielectric  constant  for  samples  obtained  near 
Albuquerque,  NM  were  not  in  agreement  with  the  earlier  data^.  As  will  be  discussed 
below,  there  is  also  a  lack  of  agreement  between  soil  models  presented  in  the  first  two 
references. 

Electrical  properties  of  soil  have  also  been  an  important  concern  for  geophysical 
applications  ’  .  Soil  models  for  the  1  GHz  to  20  GHz  band  have  been  formulated  by 
several  authors  based  upon  soil  temperature,  composition,  and  volumetric  water  content. 


Semi-empirical  models  show  good  agreement  with  experimental  data  at  microwave 
frequencies  •  However,  these  models  arc  limited  to  a  relatively  narrow  band  of  microwave 
frequencies.  Very  detailed  analytical  models  based  upon  dielectric  mixing  have  also  been 
employed  for  the  microwave  region0’  .  These  analytical  models  require  detailed 
specification  of  soil  composition  and  macroscopic  structure.  Unfortunately,  these  detailed 
models  contain  adjustable  parameters,  such  as  dispersed  and  crevice  water  fraction,  that 
allow  considerable  variation  in  results. 

Thus,  while  there  has  been  considerable  study  of  the  electrical  properties  of  soil,  there 
arc  not  many  frequency-dependent  models  that  provide  ready  tools  for  calculation  over  a 
reasonably  wide  bandwidth.  In  the  sections  below  we  discuss  the  various  soil  models 
available  for  calculation  of  plane  wave  response  for  a  long  metal  wire  above  soil.  Then 
calculations  of  wire  response  in  the  frequency  domain  are  transformed  to  the  time  domain 
using  the  Fourier  integral  transform. 


§oil  Models 

Soil  models  suitable  for  calculations  at  radio  or  microwave  frequencies  range  from 
very  simple  models,  which  assume  constant  constitutive  parameters,  to  extremely  detailed 
models  in  which  frequency-dependent  soil  constitutive  parameters  are  functions  of  soil 
moisture  content,  temperature,  and  composition. 

One  of  the  more  convenient  soil  models  for  calculations  is  the  "Universal"  model 
which  is  based  on  some  early  experimental  data  in  the  100  Hz  to  1  Mhz  band  *' .  This 
model  is  particularly  convenient  for  calculations  with  noii-magnetic  soils  because  it 
provides  frequency-dependent  constitutive  parameters  over  a  wide  frequency  band.  Since 
this  soil  model  is  discussed  in  reference  2  in  detail,  wc  will  summarize  the  essential  features 
here. 


The  "Universal"  soil  model  assumes  that  a  unit  volume  of  soil  can  be 

electromagnetically  modeled  as  network  of  resistors  and  capacitors.  Experimental  data 

available  at  the  time  the  model  was  formulated'  indicated  that  values  of  the  equivalent 

capacitors  remain  fixed  with  respect  to  soil  water  content,  while  the  equivalent  resistances 

increase  with  increasing  water  content.  Using  the  fact  that  measured  values  of  the  soil 

dielectric  constant  for  various  water  contents  tend  to  overlay  when  shifted  in  frequency, 

o 

Longrnire  and  Smith  were  able  to  formulate  a  wideband  soil  model  which  gave  good 


agreement  with  the  available  experimental  data.  In  essence,  this  model  gives: 


esolrGoo  +  elf/f"(p)) 


(i) 


"soil  =  "o(P)  +  a  [f/fn  (P)] 


(2) 


where  f/fn  denotes  scaled  frequencies,  P  represents  the  volumetric  percentage  of  water, 
and  index  n  is  determined  from  available  experimental  data.  By  extrapolation  of  the 
experimental  data,  Longrnire  and  Smith  obtained  a  13  parameter  mode!  for 
water-dependent  soils.  Figure  1  shows  the  loss  tangent  as  a  function  of  soil  water  content 
at  various  frequencies  calculated  with  the  "Universal"  soil  model.  Below  about  100  kHz, 
this  soil  model  is  dominated  by  electrical  soil  conductivity  for  all  but  the  driest  soils.  On 
the  other  hand,  above  100  MIIz  the  model  indicates  that  all  but  the  wettest  soils  are 
doir! 
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waves  having  risetimes  from  0.1  ns  to  10  ns,  both  ends  of  the  frequency  band  are  of 
interest. 


It  should  be  noted  that  not  all  measurements  of  soil  constitutive  parameters  are  in 
accordance  with  the  "Universal"  soil  model.  Later  measurements  by  Mallonf  ct  al.,  are 
quantitatively  at  odds  with  the  model,  and  furthermore  do  not  allow  the  frequency  scaling 
which  provided  extrapolation  of  the  Scotts'  experimental  data  .  As  another  example,  we 
have  attempted  to  match  generic  soil  models  of  reference  1  (see  Figure  2).  In  this  case  we 
attempted  to  reconcile  the  "Universal"  model  and  generic  model  by  minimizing  |crUniversai  - 
a  generic  I  >  where  the  generic  soil  model  is  characterized  by  1: 

y  =  BxM  2  MIIz  <  x  <  30MHz,  (3) 

where  x  denotes  the  frequency,  y  represents  soil  dielectric  constant  or  conductivity,  and 
constants  B  and  M  are  different  for  each  generic  soil  type.  Although  several  schemes  for 
matching  the  two  models  in  the  2  MIIz  to  30  MHz  hands  were  attempted,  the  agreement  is 
not  very  good.  As  indicated  in  Figure  2,  one  would  anticipate  very  poor  agreement  over  a 
wide  frequency  band.  Table  1  summarizes  the  values  of  the  "Universal"  soil  model  used  to 
represent  the  various  soil  generic  types.  Column  1  lists  the  generic  soil  typo,  while  the 
percentage  of  water  content  used  to  model  the  generic  soil  type  is  given  in  Column  2. 
Average  values  of  soil  conductivity  and  relative  dielectric  constant  in  the  frequency  band 


from  1  KHz  to  1  GHz  are  listed  in  the  third  column.  In  the  sections  below,  we  will 
compare  responses  of  aerial  wires  over  the  soil  types  listed  in  Table  1. 

Excitation  and  Wire  Models 

Figure  3  shows  the  configuration  for  a  conducting  wire  located  a  distance  h  above  a 
conducting  soil.  Elevation  angle  'P  is  the  complement  of  the  angle  of  incidence.  We 
assume  that  the  conducting  wire  is  illuminated  by  a  vertically-polarized  plane  wave.  For 
convenience,  we  selected  the  time-dependence  of  the  incident  field  as: 

Einc  (t)  =  1/2  {1  +  sin  [u>r(t  -  rr)]}  t6  <  t  <  t6  +  tr  (4) 

=  1  tg  +  tr  <  t  £  t$  +  tr  +  *1  (5) 

~  1/2  {1  +  sin  [u)t  (t  -  rf )] } 

tg  +  tr  +  T  <  t  <  tg  +  tr  +  T  +  tf  (6) 

=  0  elsewhere  (7) 

where  ur  =  7r/tr,  U{  =  zr/tf,  rr  =  ts  4-  tr/2,  and  rr  =  t6  +  tr/2  +  T.  This  waveform  is 
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electric  field  is  described  by  this  time-dependence  with  T  =  0  and  tf  =  1000  tr.  Figure  4 
shows  a  comparison  of  the  sum  of  sinusoids  with  a  commonly  used  double  exponential  pulse 
having  10  ns  risetime  and  (roughly)  1000  ns  falltime. 

The  response  of  long  wires  above  soil  has  received  considerable  attention  in  the  past 
because  of  the  practical  importance  of  electromagnetic  surges  in  communication  and  power 

O  1  1 

systems  .  In  order  to  facilitate  inclusion  of  frequency-dependent  constitutive 
parameters  for  the  soil,  we  adopt  the  scattering  model  developed  in  reference  8  for  an  aerial 
wire  of  outer  radius  "b"  above  a  conducting  soil: 

I  M  -  jEin(.M  c-W  ( ,  _  v-j2k0hsintVc  ,  (8) 


where 


(9) 


C  =  \  k0  b  Zbb  H J2)(k0b  sin  ip)  +  sin  ^  H  W(kQb  sintf) 


(2)/ 


and  Rv  is  the  reflection  coefficient  for  vertical  polarization: 


n  _  s'unj)  — 

ltv  ~  siir^r +“ 


with 


£=(»fcoii/j?o  )[1— (k0  cos0/kSOii)23 


s.Wl1/2 


(10) 

(11) 


Here  k0  denotes  the  free  space  wave  number,  tu/c,  and  t)  represents  the  intrinsic 
impedance  of  the  medium, 


and 


ip  ~  j u>fi/(a  +  }uc) 
V2  —  \u)H  (rr  4-  if/.’fl 

W  -r  \  -  *  J - / 


(12) 

(13) 


We  use  I|(2>  (x)  to  denote  Hankel  functions  of  the  second  kind  of  order  u  and  argument 
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x.  Surface  impedance  Zbb  is  given  to  a  good  approximation  by: 


Zbb  -  [??wire/(27rb)]  [coth  (kwire  t)  4  (oTT  .  )  (|  4  u)] 

^  •'Wire 


(14) 
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of  the  outer  shield  (t  =  b  —  a). 


In  the  sections  below,  we  are  primarily  concerned  with  near-grazing  incidence. 
I? coal!  that  for  the  case  of  vertical  polarization,  if  the  angle  of  elevation,  i> ,  is  less  than 
the  Brewster  angle,  then  the  reflected  wave  is  in-phase  with  the  incident  wave.  However, 
for  conductive  media,  the  Brewster  angle  is  frequency-dependent.  As  illustrated  in  Figure 
•>,  at  low  frequencies  soils  act  as  good  electrical  conductors  (<7Soii  >>  aKSOji).  The 
reflection  coefficient  is  nearly  real  with  magnitude  with  1.  As  the  frequency  increases,  the 
reflection  coefficient  can  become  purely  imaginary.  As  the  frequency  is  further  increased, 
or  the  elevation  angle  is  decreased,  the  reflection  coefficient  again  approaches  one  in 
magnitude  with  phase  near  180°.  As  indicated  in  Equation  8,  this  means  that  the  reflected 
wave  adds  constructively  with  the  incident  wave.  An  example  of  this  constructive 
interference  is  shown  in  Figure  6  for  the  driest  soil  indicated  in  Table  1. 


In  the  event  that  the  surface  impedance  of  the  wire  vanishes,  Equation  8  for  the 
current  reduces  to: 


,  4E,„,gjk°zc05^' 


1(a)  = 


u  sin  <P  ;(k0bsinfl 


— (x  -  rv  siakohsin^.) 


As  illustrated  in  Figure  7,  inclusion  of  finite  wire  conductivity  is  necessary  to  avoid  a 
singularity  in  the  expression  for  current  as  oj  approaches  zero. 


Results 


In  order  to  compare  the  various  soil  models,  calculations  of  currents  on  aerial  wires 
above  soil  were  performed  with  both  frequency-dependent  and  frequency-independent 
constitutive  parameters.  Figures  8  and  9  show  the  impulse  response  (Einc  =  1)  calculated 
from  equation  S  for  water-dependent  models  in  Table  1  and  some  commonly  used  values 
for  the  constitutive  parameters.  Comparing  results  in  the  two  figures,  the  calculated 
impulse  responses  are  similar  in  shape  for  both  models.  As  one  would  anticipate  from 
Figure  2,  volumetric  water  contents  in  excess  of  about  30%  correspond  to  soils  with 
frequency-independent  conductivity  above  10'2  S/m.  Similarly,  a  frequency-independent 
conductivity  below  10~4  S/m  is  required  to  closely  match  frequency-dependent  soils 
characterized  by  volumetric  water  content  below  about  1%.  Figure  10  displays  a 
comparison  of  two  soil  models  at  norma!  and  near— grazing  incidence.  At  frequencies  above 
about  10  MIIz,  the  two  soil  models  yield  about  the  same  results.  At  the  higher  frequencies, 
the  impulse  response  calculated  with  the  average  soil  conductivity  (sec  Table  1)  exceeds 
the  corresponding  response  calculated  with  the  frequency-dependent  constitutive 
parameters.  This  is  to  be  expected  since  the  average  soil  conductivity  is  less  than  the  high 
frequency  value.  The  opposite  is  true  at  low  frequencies,  so  that  the  impulse  response 
calculated  with  P  =  5.5%  water  content  exceeds  that  obtained  from  the  model  with 
constant  constitutive  parameters  obtained  by  averaging  over  the  frequency  band  from  1 
KHz  to  1  GHz.. 


Variations  of  the  impulse  response  with  angle  of  elevation  are  illustrated  in  Figure 
11.  As  indicated  in  equation  8  and  9,  the  magnitude  of  the  impulse  response  is  limited  by 
the  DC  resistance  of  the  wire  as  frequency  vanishes.  The  first  term  on  the  right  side  of 
equation  9  also  limits  the  wire  response  to  finite  values  as  the  elevation  angle  vanishes.  As 


indicated  in  Figure  12,  the  impulse  response  eventually  decreases  from  maximum  values 
near  ip  =  1°  as  the  elevation  angle  approaches  zero. 

As  a  final  example  of  impulse  response  in  the  frequency-domain,  Figure  12  shows  the 
impulse  response  calculated  for  a  long  steel  wire  above  a  water-dependent  soil.  Due  to  the 
relatively  high  surface  impedance  of  the  steel  wire  in  comparison  with  copper  wire,  the 
impulse  response  is  significantly  less  than  that  obtained  for  copper  wire.  As  indicated  in 
the  figure,  the  impulse  response  is  nearly  in  direct  proportion  to  the  wire  radius. 


Figures  13  through  15  show  wire  responses  in  the  time-domain  for  incident  fields 
with  risetirnes,  tr,  of  0.1  ns,  1.0  ns,  and  10.0  ns,  respectively  Referring  to  equations  4 
through  7,  for  all  calculations  the  parameter  T  was  zero  and  tf  =  1000  tr.  Finite  values 
for  start  time,  ts,  were  used  to  insure  integrity  of  the  Fourier  integral  transforms  which 
were  used  to  obtain  wire  currents  in  the  time  domain  from  inversion  of  Equation  8. 
Comparing  results  in  Figures  13  through  15,  the  disparity  in  currents  calculated  with  the 
two  soil  models  increases  with  increasing  values  for  risetime.  This  trend  is  in  general 
agreement  with  frequency  domain  responses  discussed  above  where  it  was  shown  that  the 
disparity  in  impulse  responses  increased  with  decreasing  frequency. 


Also  note  that  results  calculated  with  frequency-independent  and 
frequency-dependent  soil  parameters  are  in  better  agreement  as  the  volumetric  water 
content  increases.  This  is  illustrated  in  Figure  16  for  the  case  of  normal  incidence.  The 
reason  for  this  is  that  the  frequency-independent  portion  of  soil  conductivity,  a0  (P)  in 
equation  2,  eventually  becomes  the  dominant  contribution  to  soil  conductivity  as  P 
increases. 


Conclusion 

This  paper  has  examined  plane  wave  responses  of  aerial  wires  above  various  soil 
models.  The  "Universal"  soil  model  was  used  to  characterize  soils  with 
frequency-dependent  constitutive  parameters.  This  soii  model  assumes  that  soil 
conductivity  and  dielectric  constant  depend  solely  on  volumetric  water  content,  and  hence 
do  not  provide  a  good  estimate  of  constitutive  parameters  when  variation  soil  composition 
or  temperature  become  important.  Nevertheless,  it  provides  a  useful  computational  tool 
over  a  wide  frequency  band  without  requiring  a  detailed  description  of  soil  structure  and 
composition. 


It  was  found  that  for  very  wet  soils,  variations  in  the  constitutive  parameters  with 
frequency  can  reasonably  be  ignored  in  calculations  of  the  response  of  aerial  wires.  Soils 
characterized  by  volumetric  water  content  less  than  a  few  percent  are  now  likely  to  require 
a  frequency  dependent  model  for  accurate  calculations.  The  disparity  in  results  between 
frequency-dependent  and  frequency-independent  soil  models  were  shown  to  decrease  with 
increasing  risetime  for  the  incident  plane  wave. 
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Figure  1.  Loss  Tangent  as  a  Function  of  Water  Content 


Figure  2.  Soil  Conductivity  as  a  Function  of  Frequency 
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Figure  5.  Phase  of  the  Reflection  Coefficient  for  Two  Soil  Models 
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Figure  6.  Current  Induced  on  a  Wire  above  Soil  Characterized 
by  0.2%  Water  Content 
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Figure  7.  Impulse  Resource  Calculated  for  Long  Wires  with  Finite 
and  Infinite  Electrical  Conductivity 
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Figure  8.  Magnitude  of  the  Impulse  Response  Calculated  for  Soils 
Shown  in  Table  1  at  Near  Grazing  Incidence 
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Figure  10.  Magnitude  of  the  Impulse  Response  Calculated  for  Two  Soil 
Models  at  Normal  and  Near-Grazing  Incidence 
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Figure  1 1 .  Magnitude  of  the  Impulse  Response  Calculated  for  a  Wire 
Above  Soil  with  P=5.5%  at  Various  Angles  of  Elevation 
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Figure  12.  Magnitude  of  the  Impulse  Response  Calculated  for  a  Steel 
Wire  above  Soil  with  5  5%  Volumetric  Water  Content 
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Figure  13.  Wire  Current  Induced  by  Plan  Wave  Excitation  with  0.1  ns  Risetime 


Figure  14.  Wire  Current  Induced  by  Plane  Wave  Excitations  with  1.0  ns  Risetime 


NEAR  FIELD  ANALYSIS  OF  LARGE  PARALLEL-PLATE  EMP  SIMULATORS  USING  NEC 

Stephen  Gedttey  and  Raj  Mima 
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University  cf  Illinois 
Urbana,  Illinois  61801 

INTRODUCTION 

The  Electromagnetic  Pulse  (EMP)  produced  by  a  high-altitude  nuclear  burst  presents  a  severe  threat 
to  electronic  systems  due  to  its  extreme  characteristics.  In  order  to  test  the  vulnerability  of  large  systems, 
such  as  airplanes,  missiles,  or  satellites,  they  must  be  subjected  to  a  simulated  EMP  environment,  charac¬ 
terized  by  a  highly  peaked  transient  pulse  with  a  planar  wavefront  that  uniformly  illuminates  the  test 
object.  One  type  of  simulator  that  has  been  used  to  approximate  the  EMP  environment  is  the  Large 
Parallel-Plate  Bounded- Wave  Simulator.  The  parallel-plate  bounded-wave  simulator  is  a  guided  wave 
simulator  which  has  the  properties  of  a  transmission  line  and  supports  a  single  TEM  mode  at  sufficiently 
low  frequencies.  Ideally,  it  has  a  uniform  characteristic  impedance  that  is  independent  of  frequency  and 
when  terminated  by  a  matched  impedance  provides  a  pure  traveling  wave. 

Parallel-plate  bounded-wave  EMP  simulators  consist  of  finite-width  parallel-plate  waveguides, 
which  are  excited  by  a  wave  launcher  and  terminated  by  a  wave  receptor.  Typically,  conical  tapered 
waveguides  are  matched  to  the  parallel-plate  region  in  order  to  excite  and  terminate  a  plane  wave  in  the 
parallel-plate  region.  This  geometry  is  illustrated  in  Figure  1.  The  apex  of  the  wave  launcher  is  excited 
by  a  transient  source  which  has  a  rise  time,  on  the  order  of  1-5  nanoseconds,  that  is  significantly  smaller 
than  the  transit  time  of  the  waveguide,  and  a  fall  time  on  the  order  of  1  microsecond.  In  theoretical  com¬ 
putations,  the  pulse  is  usually  represented  as  a  double  exponential  waveform  and  has  broadband  charac¬ 
teristics. 

In  this  paper,  the  characteristics  of  the  simulator  and  the  field  distribution  within  its  central  region 
are  to  be  determined.  The  simulator  is  an  open  waveguide  structure  and  its  complete  field  representation 
is  a  superposition  of  discrete  and  continuous  modes.  At  very  low  frequencies,  where  the  plate  separation 
is  much  less  than  one-half  of  a  wavelength,  only  the  TEM  modes  of  the  discrete  spectrum  will  propagate 


along  the  waveguide  and  the  field  distribution  is  easily  computed  using  a  quasi-static  analysis  [1].  How¬ 
ever,  in  practice,  the  plate  separation  will  be  quite  large  in  order  to  accommodate  large  test  objects. 
Under  a  transient  pulse  excitation,  there  will  be  significant  energy  distributed  throughout  a  very  broad 
band,  extending  into  the  high-frequency  region.  As  a  result,  higher-order  TE  and  TM  modes  will  pro¬ 
pagate  along  the  waveguide,  in  the  high-frequency  region,  and  the  open  simulator  will  act  as  a  radiator  no 
longer  supporting  purely  guided  modes. 

There  has  been  much  work  done  on  computing  the  field  distribution  within  the  simulator  by  modal 
analysis  [2-5].  These  works  offer  excellent  physical  and  theoretical  interpretation  of  the  parallel-plate 
bounded-wave  EMP  simulator  by  considering  ideal  situations.  Through  such  analysis,  the  explanation  of 
notches  in  the  magnetic  fields  has  been  determined  [6],  optimum  loads  have  been  designed,  and  other 
standards  in  design  have  been  developed  [7].  However,  these  works  have  been  restricted  to  infinite  and 
semi-infinite  empty  waveguides.  When  designing  an  EMP  simulator,  the  engineer  has  much  more  to  con¬ 
sider  than  ihe  transmission  line  properties  of  the  simulator  itself.  A  test  object,  placed  within  the  paraiiel- 
plate  region,  can  greatly  perturb  the  simulator  fields  and  the  relative  amplitude  of  the  modes  may  greatly 
differ  from  those  calculated  in  the  empty  working  volume.  Therefore,  one  cannot  treat  the  calculated 
fields  of  the  empty  working  volume  as  the  incident  field  that  establishes  the  charge  and  current  density  on 
the  test  object  throughout  the  entire  bandwidth  of  operation.  This  so-called  "simulator-obstacle"  interac¬ 
tion  can  be  analyzed  analytically  for  certain  geometries  only  [8],  such  as  an  infinite  cylinder  in  a 

^uiauw-piutv  narv^uiut. 

In  this  paper,  the  Numerical  Electromagnetics  Code  (NEC)  is  shown  to  be  a  valid  tool  for  perform¬ 
ing  a  dynamic  field  analysis  of  the  parallel-plate  bounded-wave  simulator  in  the  frequency  domain.  Ini¬ 
tially,  the  development  of  the  wire  mesh  approximation  is  presented  and  the  computed  characteristics  of 
an  asymmetric  parallel-plate  EMP  simulator  is  given  as  an  example.  Finally,  the  problem  of  simulator- 
obstacle  interaction  is  presented  with  the  use  of  NEC. 

DEVELOPING  THE  PROBLEM 

The  parallel-plate  EMP  simulator  is  characterized  as  a  transmission-line  type  of  simulator  which,  in 
this  paper,  will  be  treated  as  a  thin-wire  scattering  problem.  The  conducting  surfaces  of  the  simulator  will 


be  approximated  by  a  thin-wire  mesh  model,  and  the  incident  field  will  be  an  applied  voltage  source  dis¬ 
tributed  across  the  source  gap  region.  In  this  section,  the  thin-wire  model  of  the  simulator  is  discussed. 

NEC  is  used  in  this  paper  to  analyze  the  thin-wire  scattering  problem  (a  complete  analysis  of  the 
NEC-2  code  is  provided  in  [10]).  NEC  is  particularly  useful  in  this  application  since  it  provides  the  capa¬ 
bility  of  modeling  multiple-wire  junctions.  The  unknown  electric  current  distributed  over  the  wire  mesh 
is  expanded  into  subdomain  basis  functions  defined  by  a  three  term  spline  function,  in  which  two  terms 
are  eliminated  by  enforcing  charge  and  current  continuity  across  each  multiple  wire  junctions,  and  the 
third  by  satisfying  the  surface  boundary  condition  on  the  tangential  E-field  by  point  matching  the  Electric 
Field  Integral  Equation  (EFIE). 

A  preliminary  study  of  the  plane-wave  scattering  from  a  finite-dimensional  conducting  plate, 
modeled  by  a  thin-wire  mesh,  has  verified  that  the  NEC  code  provides  a  valid  approximation  to  such  a 
scattering  geometry  [9].  In  order  to  minimize  the  number  of  unknowns  as  well  as  best  approximate  the 
surface  currents,  a  rectangular  mesh  was  used  to  model  the  plate,  with  segment  lengths  no  greater  than  a 
tenth  of  a  wavelength.  Furthermore,  the  area  of  the  mesh  openings  was  kept  constant.  This  model  pro¬ 
vided  a  good  approximation  of  the  edge  singularities.  The  conducting  surface  of  the  EMP  simulator  was 
modeled  in  the  same  manner,  with  the  inclusion  of  an  edge  wire,  and  continuous  wires  along  the  longitu¬ 
dinal  direction.  A  sample  geometry  is  illustrated  in  Figure  2. 

NEC  has  been  used  to  wire-model  conducting  surfaces  for  a  large  number  of  problems  in  which  the 
principal  area  of  interest  was  the  far  field.  In  the  EMP  simulator  problem,  however,  one  is  interested  in 
the  near  field  characteristics,  viz.,  the  field  distribution  in  the  central  region  of  the  simulator.  NEC 
enforces  Kirchoff  s  current  law  across  each  multiple  wire  junction  to  satisfy  total  current  continuity. 
However,  the  discontinuity  in  the  vector  currents,  at  a  wire  bend  or  at  a  wire  junction  of  more  than  two 
wires,  leads  to  non-physical  singularities  in  the  near  field  which  could  produce  errors  in  the  results.  It 
was  found  through  numerical  solution  that  the  singularities  are  negligible  when  sampling  the  electric- 
field  at  distances  of  at  least  X/ 12  from  the  wire  mesh  [9]. 

An  accurate  source  model  is  extremely  important  to  establish  the  proper  excitation  of  the 
transmission-line  type  of  EMP  simulator.  It  must  be  distributed  across  the  source  gap  region,  as  well  as 
excite  the  dominant  TEM  mode.  Similarly,  the  load  model  is  important  to  properly  terminate  the 


waveguide,  minimizing  reflections  due  to  model  limitations.  The  Applied  E-Fie’d  (AEF)  source  was  used 
distributing  a  constant  E-field  over  the  source  region.  The  wire  model  used  is  illustrated  in  Figure  3.  Fig¬ 
ure  4  illustrates  the  surface  scattered  E- field  computed  along  the  source  wire  segment  for  a  1-volt  excita¬ 
tion.  The  amplitude,  as  expected,  is  constant  and  has  a  phase  of  -180° .  There  is  a  noticeable  singularity 
in  the  pulse  due  to  the  shaip  wire  bend  of  the  model,  however,  it  was  found  that  tlie  error  due  to  this 
singularity  in  the  fields  in  the  central  region  of  the  simulator  is  negligible.  Figure  5  illustrates  the  thin 
wire  approximation  of  the  load  model  used.  Ideally,  it  is  desirable  to  place  a  resistive  sheet  across  the 
load  gap,  terminating  the  fields.  However,  purely  resistive  loads  were  distributed  along  the  thin  wires  to 
establish  the  termination. 

The  source  and  load  models  of  the  parallel-pate  simulator  were  developed  through  the  analysis  of 
the  transmission-line  type  ihombic  EMP  simulator.  The  models  described  above  provided  an  excellent 
approximation  of  the  desired  distributed  source  and  load  and  reproduced  both  the  theoretical  and  experi¬ 
mental  results  reported  by  Shen  and  King  [ii,12j.  It  should  be  noted  that  error  was  encountered  in  the 
characteristic  impedance  of  the  simulator,  computed  with  the  use  of  NEC,  when  the  source  and  load  gap 
heights  were  on  the  order  of  one-quarter  of  a  wavelength.  This  was  due  to  the  phase  shift  in  the  current 
inherent  to  the  model  limitations.  Despite  the  error  in  the  matched  impedance  value,  the  simulator  fields 
and  the  conductor  currents  compared  extremely  well  under  matched  conditions  [9]. 

NUMERICAL  RESULTS 

The  simulator  to  be  analyzed  is  that  of  an  asymmetrical,  parallel-plate  simulator,  with  conical  tapered  end 
sections.  The  dimension  is  same  as  the  ACHATES  simulator,  designed  by  the  Air  Force  Weapons 
Laboratory  [13].  The  ACHATES  simulator  was  chosen  for  its  unique  characteristics  which  will  subse¬ 
quently  enable  the  results  to  be  easily  interpreted. 

The  ACHATES  simulator  has  a  height  to  width  ratio  of 

^  =1.2335  . 

This  aspect  ratio  is  chosen  such  that  the  simulator  has  a  quasi-static  characteristic  impedance  of  100  ft. 
Furthermore,  it  can  be  shown  that  a  one-volt  excitation  across  the  source  gap  will  produce  a  field  of  one- 
volt  per  meter  at  the  center  of  the  ground  plane  (at  x  =  0).  The  length  of  the  conical  tapered  end  sections 


is  chosen  such  that  the  simulator  has  an  operating  "bandwidth"  of  450  MHz.  This  bandwidth  is  deter¬ 
mined  by  a  time  dispersion  that  results  from  the  matching  of  a  quasi-spherical  wavefront,  supported  by 
the  conical  tapered  end  sections,  into  a  planer  wavefront  of  the  parallel-plate  region.  When  the  maximum 
dispersion  distance,  defined  by  the  maximum  lag  along  the  curve  of  constant  phase,  becomes  on  the  order 
of  a  quarter  wavelength,  energy  is  coupled  into  higher  order  modes  significantly  distorting  the  fields.  The 
frequency  associated  with  this  wavelength  defines  the  upper  cutoff,  or  bandwidth,  of  the  simulator.  The 
dimensions  of  the  simulator  are  illustrated  in  Figure  6. 

The  E-field  distribution  has  been  computed  in  the  central  parallel-plate  region,  often  referred  to  as 
the  working  volume,  due  to  a  one-volt  excitation.  In  each  case  presented,  the  simulator  was  terminated  in 
its  characteristic  impedance,  which  was  defined  as  the  resistive  load  that  minimized  the  current  standing 
standing  wave  ratio,  and  maximized  the  amount  of  power  dissipated  by  the  load.  Two  examples  will  be 
illustrated:  1)  75  MHz,  which  has  a  computed  characteristic  impedance  of  120Q,  2)  125  MHz,  which  has 
a  characteristic  impedance  of  950.  Figures  7  and  8  illustrate  the  vertical  E-field  (£*)  computed  along  the 
longitudinal-direction.  The  fields  are  quite  uniform  and  have  a  linear  progressive  phase  shift  throughout 
the  woricing  volume  along  the  longitudinal  direction.  It  should  also  be  noted  that  there  is  very  little 
change  in  phase  along  die  vertical  direction  since  the  propagating  waves  have  planar  equiphase  fronts.  As 
expected  tlirough  the  design  of  ACHATES,  a  one-volt  excitation  produces  a  one-volt  per  meter  vertical 
E-field  at  the  ground  plane  and  at  x=0.  Some  deviation  is  due  to  the  existence  of  non-TEM  modes,  as  well 
as  some  limitations  of  the  approximate  simulator  model. 

Figure  9  illustrates  the  vertical  E-field  as  a  function  of  the  vertical  direction  due  to  a  125  MHz  exci¬ 
tation.  The  fields  are  quite  uniform  throughout  the  height  of  the  simulator.  However,  it  is  apparent  that 
there  is  error  in  the  computed  field  close  to  the  thin-wire  mesh.  The  error  is  due  to  both  the  wire  mesh 
approximation  of  the  conducting  surface,  as  well  as  the  singularities  of  the  current  discontinuities  at  the 
wire  junctions.  Figure  10  illustrates  the  longitudinal  field  (Ey )  in  the  x=0  plane  which  is  representative  of 
the  propagating  TM  field.  The  longitudinal  field  is  on  the  order  of  a  magnitude  smaller  than  the  vertical 
E-ficld.  Ey  becomes  more  significant  in  the  higher-frequency  regions  which  can  be  explained  as  follows: 
A  "quasi-spherical"  wavefront  propagates  from  the  wave  launching  conical  tapered  section  into  the 
parallel-plate  region.  Along  the  ground  plane,  the  incident  E-field  is  purely  TEM.  However,  due  to  the 


mismatch  TM  mode  becomes  more  signifies/!!  along  the  vertical  direction  above  the  ground  plane. 
At  higher  frequencies,  the  trailing  edge  of  the  spherical  wavefront  will  become  comparable  to  a 
wavelength  and  significant  TM  modes  ait  generated.  Furthermore,  it  is  noted  that  Ey  tends  to  be  a 
minimum  at  y-0  and  increases  again  as  y  progresses  due  to  the  mismatch  with  the  terminating  conical 
end  section. 

SIMULATOR-OBSTACLE  INTERACTION 

The  purpose  of  an  LMP  simulator  is  to  simulate  the  conditions  of  a  test  object  being  illuminated  by 
the  electromagnetic  pulse  produced  by  a  nuclear  explosion.  The  currents  induced  on  the  object  and  the 
fields  coupled  within,  due  to  various  defects,  are  then  mei  cured  in  order  to  determine  its  vulnerability. 
The  electric  field  within  the  central  region  of  the  parallel-plate  simulator  closely  approximates  the  plane- 
wave  pulse  er .  ironment  desired,  with  some  deviations  as  expressed  in  the  previous  section.  Hov'cver, 
when  a  test  object  is  placed  within  the  simulator,  the  desired  environment  will  be  distorted  due  to  mutual 
coupling.  Therefore,  an  understanding  of  the  interaction  between  the  simulator  and  the  test  object  is  quite 
important. 

Once  a  test  object  is  placed  within  the  central  region  of  the  simulator,  the  fields  wiJ1 '  -  a  superposi¬ 
tion  of  both  the  incident  fidd  and  a  perturbed  field,  which  wiU  introduce  coupled  energy  into  undesirable 
modes.  Not  only  will  this  distort  the  pulse  environment,  bi  t  the  characteristics  of  the  simulator  can 
change,  i.c.,  the  simulator  may  no  longer  be  matched.  If  the  test  object  is  small  compared  to  the  dimen¬ 
sions  of  die  parallel-plate  region,  then  tiierc  will  be  very  little  cliange  in  the  simulator  characteristics. 
However,  when  the  dimensions  of  the  test  object  become  comparab’e  to  half  the  height  of  -he  parallel- 
plate  above  the  ground  plane,  the  amount  of  coupling  can  be  quite  significant.  This  problem  can  be  stu¬ 
died  with  the  use  of  the  NEC  code  by  introducing  a  test  object,  modeled  as  a  wire  mesh,  in  the  working 
volume  of  line  simulator.  With  the  introduction  of  the  test  object,  the  perturbation  of  the  simulator 
characteristics  can  be  observed. 

For  the  puijxjscs  of  this  paper,  we  will  present  the  problem  of  placing  cube,  with  a  side  dimension 
of  one -half  of  die  simulator  height,  witlun  the  parallel -pi  ate  region.  Ibis  is  illustrated  in  Figure  II. 


Figure  12  illustrates  the  vertical  b-field  computed  along  the  ground  plane  for  the  case  of  an  empty  wott¬ 
ing  volume,  as  well  as  in  the  presence  of  the  conducting  cube  for  a  100  MHz  excitation.  In  the  presence 
of  the  obstacle,  tlie  fields  within  the  simulator  arc  a  superposition  of  the  incident  field,  the  scattered  field 
and  the  fields  multiply-scattered  iretween  the  object  and  the  simulator. 

Figures  13  and  14  illustrate  the  edge  currents  of  the  simulator  for  the  case  of  the  empty  working 
volume  and  in  the  presence  of  the  cube,  respectively.  Comparing  the  two  figures,  it  is  observed  that 
indeed  there  is  a  perturbation  of  the  surface  currents,  thus  distorting  the  desired  environment.  Measuring 
the  input  impedance  of  the  simulator  under  both  conditions  [9],  it  is  found  that  under  matched  conditions, 
the  input  impedance  of  the  simulator  with  an  empty  working  volume  is  97.04+/  14.68  Q,  whereas  with 
the  cube  in  the  working  volume  the  input  impedance  was  76.64+/ 17.03  Cl.  Furthermore,  due  to  coupling 
the  simulator  is  no  longer  matched  by  the  120  Cl  load  and  subsequent  reflections  are  encountered  by  the 
termination. 


COMPUTATIONAL  CONSIDERATIONS 

The  NEC-2  code  was  rewritten  and  compiled  in  double  precision  Microsoft  Fortran,  and  the  compu¬ 
tations  presented  in  this  paper  were  performed  using  an  AT&T  PC63QO  desktop  microcomputer  or  a  com¬ 
patible  DOS  machine.  Uve  program  itself  requires  450  kbytes  of  RAM  to  load,  and  approximately  6 
Mbytes  free  on  a  hard  disk  for  out  of  core  solutions  with  up  to  600  unknowns  (problems  will*  over  800 
unknowns  have  been  solved  on  the  PC).  Table  1  lists  the  computation  times  required  to  fill  and  factor  the 
moment  matrix  for  the  ACHATES  simulator  with  a  450  MHz  bandwidth.  It  should  be  noted  that  the 
computations  include  one  plane  of  symmetry  about  the  x-axis,  which  reduces  the  computation  time  by  a 
factor  of  N2/ 4.  One  obvious  limitation  of  die  use  of  the  NEC  code  is  that  as  the  frequency  becomes 
larger,  the  number  of  unknowns  increase  as  l/\2.  Therefore,  in  the  high- frequency  region,  where  the 
wavelength  is  quite  small  compared  to  the  simulator  dimensions,  the  total,  number  of  unknowns  becomes 
extremely  large. 


CONCLUSIONS 


In  this  paper  it  has  been  shown  that  the  Numerical  Electromagnetics  Code  can  be  used  to  develop 
the  characteristics  of  a  parallel-plate  bounded  wave  EMP  simulator  using  a  tliin-wire  mesh  approximation 
of  the  conducting  surfaces.  The  fields  computed  witliin  an  asymmetric,  parallel-plate  simulator  operating 
in  its  mid-frequency  range  were  presented,  and  the  simulator  characteristics  were  developed.  Further¬ 
more,  NEC  has  been  shown  to  be  a  useful  tool  in  analyzing  the  more  complex  problem  of  simulator- 
obstacle  interaction.  With  the  use  of  the  NEC  code,  more  complicated  configurations  may  be  studied  as 
well,  and  using  the  model  described  herein,  useful  results  may  be  obtained. 
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terminating  load  gap  region  of  the  rhombic  EMP  simulator. 
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ase  of  Ez  in  Working  Volume  (125MHz) 


Phase  of  E. 


Magnitude  of  the  vertical  E-field  computed  along  the  vertical  direction  at  various 
ongitudinal  positions  due  to  a  unit  anul  Uide,  125  MHz  excitation. 


25MHz) 


Magnitude  of  the  longitudinal  E-field  computed  along  the  vertical  direction  at  various 
longitudinal  positions  due  to  a  unit  amplitude,  125  MHz  excitation. 


Figure  11 .  Cubic  obstacle  placed  in  the  working  volume,  with  the  front  face  lying  in  the  transition 
plane  and  placed  symmetrically  in  the  vertical  and  horizontal  directions  with  respect  to 
the  parallel-plate. 


Obstacle -Simulator  Interaction 

(matched  termination.  100MHz) 
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y  in  meters 
Magni  Lude  of  Ez . 

Figure  12  .  Vertical  E-field  computed  along  the  ground  plane  of  the  450  MHz  band\ 
ACHATES  EMP  simulator.  Comparison  of  fields  in  the  empty  working  volume, 
the  perturbed  fields  in  the  presence  of  the  obstacle. 


Edge  Wire  Current  with  Empty  W 

(matched  t erminat ion.  lOOMHz) 


Empty  working  volume. 

Figure  13  .  Edge  wire  currents  produced  by  a  100  MHz  excitation. 


obstacle  in  the  working  volume. 


TABLE  1  COMPUTATIONAL  CHARACTERISTICS  OP  NEC 
(run  on  an  AT&T  PC6300  microcomputer) 


Frequency 

No. of  Segments- 

Mat  rixFill 

Factorization 

{MHz  ) 

( sec  ) 

( sec ) 

75 

220 

2.505. 

]  ,(X)3. 

100 

320 

5.485. 

3,095. 

125 

466 

1 1 .507. 

12.059. 
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FCC  specifications  for  the  patterns  of  AM  stanoapd  broadcast 
medium  wave  directional  antennas  Include  constants  known  as 
the  "field  parameters".  The  field  parameters  for  each  tower 
in  an  AM  directional  array  are  the  ratios  of  the  magnitudes 
and  time  phases,  relative  to  an  arbitrary  reference,  of  the 
electric  field  component  of  the  radiation  that  results  from 
the  animation  of  the  current  moments  In  that  particular 
element  of  the  directional  array. 

The  field  parameters  and  voltage  drive  parameters  are  not 
the  same.  The  correct  base  drive  voltages  for  method  of 
moments  programs  can  be  found  by  Inverting  a  matrix  that  Is 
formed  using  the  field  parameters  end  antenna  current  moment 
sunnatlons  for  the  various  array  elements.  These  voltages, 
wlen  used  as  base  drives  for  AM  antenna  modeling  with  the 
NFC  progrwn,  produce  horizontal  plane  antenna  patterns  tliat 
have  the  same  shape  as  FCC  patterns. 

The  Inverse  of  this  procedure  Involves  loading  the  drive 
sequent*  with  resistances  so  that  the  base  currents  are 
proportional  to  ttm  drive  voltages.  The  field  parameters 
are  then  found  by  ratlolng  the  sisnnatlons  of  the  current 
elements  for  the  array  elements.  These  techniques  can  also 
be  used  to  de-tune  re-radiating  objects. 


The  electrical  parameters  that  are  officially  listed  by  the 
FCC  for  the  purpose  of  specifying  pattern  shape  for  AM 
standard  broadcast  directional  antennas  are  called  "field 
parameters".  One  of  the  radiators  is  chosen  as  the 
reference  tower  and  the  parameters  of  the  other  radiators 
are  specified  relative  to  that  tower.  The  field  parameters 
are  the  relative  ratios  and  phases  of  the  magnitudes  of  the 
electric  field  components  of  the  electromagnetic  waves 
leaving  the  towers  along  the  horizontal  plane. 

Section  73.150(b)(5)  of  the  "Rules"  requires  submission  of 
the  relative  field  ratios  and  phases  of  the  array  when  an 
application  Is  made  to  the  FCC  for  a  permit  to  construct  an 
AM  directional  antenna.  The  mathematical  expressions  used 
to  generate  the  pattern  size  and  shape  (see  Appendix)  are 
functions  of  the  relative  field  ratios  and  antenna  current 
phases.  The  implicit  assumption  that  Is  made  here  Is  that 
the  phases  of  the  antenna  loop  currents  are  Identical  to 
the  field  phases.  The  11st  of  equations  used  by  the 
Commission  that  are  shown  in  the  appendix  of  this  report 
contains  an  expression  that  relates  loop  currents  to  field 
ratios: 

11  - _ KE1 _ 

(C2)  (1-cos  G1 ) 

This  equation  says  that  the  loop  current  and  the  field  ratio 
of  a  given  tower  In  a  directional  array  are  proportional  to 
each  other. 

The  conclusion  to  be  drawn  from  the  above  observations  Is 
that  It  is  assumed  In  the  "Rules  and  Regulations'  of  the  FCC 
that  the  relative  ratio  and  phase  of  the  loop  current 
(current  at  the  current  maxima)  Is  the  same  as  field  ratio 
and  phase  for  a  given  tower  In  an  AM  directional  array.  The 
expectation  by  the  Commission  that  the  antenna  current 
parameters  should  be  identical  to  the  field  parameters  is 
also  implied  by  Section  73.151(a)(2)11i  of  the  FCC  "Rules" 
which  requires  that  If  the  design  field  parameters  and  the 
monitored  antenna  current  parameters  of  the  adjusted  array 
are  different  "...  a  full  explanation  of  the  reasons  for 
these  differences  shall  be  given." 

Station  licenses  list  parameters  that  must  be  maintained 
during  station  operation  to  demonstrate  that  the  pattern  of 
the  radiated  fields  Is  within  specified  limits.  These 
"antenna  parameters"  are  the  ratios  and  phases  of  the 


antenna  currents  monitored  at  a  specific  location  on  the 
towers.  The  antenna  current  is  monitored  at  the  point  of 
maximum  current  or  at  the  base  of  the  tower.  These 
operating  antenna  parameters  are,  In  practice,  carefully 
distinguished  from  the  field  parameters.  Only  the  field 
parameters  (along  with  other  necessary  electrical  and 
physical  parameters  ((element  spacings,  heights  and 
orientations))  that  *.re  necessary  for  proper  description  of 
the  array)  are  used  for  international  notifications  and 
calculations  of  interference. 

It  has  been  standard  practice  in  the  past  to  build  and 
adjust  AM  directional  arrays  under  the  assumption  that  the 
field  parameters  and  the  antenna  parameters  are  synonymous. 
It  was  thought  that  this  was  a  particularly  safe  assumption 
for  uniform  c-oss  section  guyed  towers  whose  height  was  in 
the  vicinity  of  a  quarter  of  a  wave  length. 

When  one  looks  at  the  antenna  parameters  and  the  field 
parameters  from  a  moment  method  perspective  their 
differences  become  apparent.  The  radiated  electric  field 
from  a  tower  is  proportional  to  the  summation  of  the  current 
moments  of  that  tower.  The  magnitude  and  phase  of  the 
current  in  each  tower  varies  from  segment  to  segment  in  such 
a  fashion  that  there  is  not  a  fixed  relationship  between  the 
field  parameters  for  that  tower  and  the  antenna  parameters 
given  by  the  current  at  any  fixed  point  on  the  tower.  While 
the  antenna  and  field  parameters  may  be  similar  for  towers 
90  degrees  and  shorter  they  diverge  sharply  with  increasing 
tower  height  and  are  obviously  different  for  unequal  height 
towers  and  towers  of  radically  different  cross  section. 

The  conclusion  to  be  drawn  from  these  considerations  Is  that 
the  current  sources  used  to  drive  AM  directional  antennas 
must  usually  have  relative  magnitudes  and  phases  that  are 
different  from  the  relative  field  magnitudes  and  phases 
given  by  FCC  records  if  the  correct  pattern  is  to  be 
achieved. 

Four  terminal  network  theory  can  be  used  to  relate  the 
driving  voltages  and  fields  of  the  towers  In  an  AM 
directional  array.  In  this  way  the  voltage  drives  that  are 
necessary  to  achieve  the  correct  pattern  can  be  found  for  a 
given  set  of  field  parameters.  The  resulting  voltage  drives 
are  used  for  method  of  moments  modeling  and  the  necessary 
antenna  current  parameters  are  found  in  the  antenna  current 
output  provided  by  the  program. 
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A  method  used  at  the  Harris  corporation  for  a  number  of 
years  and  discussed  In  'Modelling  A  Standard  Broadcast 
Directional  Array  With  The  Numerical  Electromagnetics 
Code,'1  Involves  determining  the  constants  of  a  matrix 
through  the  use  of  a  program  like  NEC.  The  equations 
forming  the  two  tower  matrix  are^ 

El  -  Til  VI  +  T12  V2 
E2  -  T21  VI  +  T22  V2 

The  'E"  variables  are  the  field  parameters,  the  'V' 
variables  are  the  base  voltage  drives  while  the  'T' 
variables  In  each  column  are  the  current  moment  summations 
for  the  towers  resulting  from  driving  the  towers  one  at  a 
time  with  one  volt  and  with  the  undriven  tower  shorted. 
Once  the  'per  unit'  current  moment  summations  are  known 
through  repeated  runs  of  the  NEC,  or  some  other  program,  the 
matrix  can  be  inverted  to  find  the  voltages  for  any  given 
set  of  field  parameters. 

R.  Adler  has  been  loading  the  drive  segments  with  large 
resistances  when  he  models  AM  arrays.  This  gives  equivalent 
current  sources  for  NEC  voltage  drives  that  are  scaled  to 
antenna  current  parameters.  When  the  array  is  modeled  In 
this  fashon  the  field  parameters  can  be  found  by  summing  the 
current  moments  for  each  tower.  The  voltage  drives  for  the 
unloaded  array  can  then  be  found  by  applying  the  matrix 
Inversion  technique  to  the  resulting  field  parameters  after 
the  'per  unit'  current  moment  summations  are  determined. 

It  Is  thus  possible  to  use  a  method  of  moments  program  like 
NEC  or  MININEC  and  find  field  parameters  from  antenna 
current  parameters  or  antenna  current  parameters  from  field 
parameters.  We  use  a  version  of  MININEC  III  that  has  a  few 
lines  of  code  added  to  sum  the  current  moments  and  to 
calculate  the  relative  field  parameters. 

Re-radiating  utility  towers  can  be  de-tuned  by  modeling  them 
as  a  part  of  the  AM  array.  The  'per  unit'  current  moment 
summations  are  found  for  the  array  elements  and  for  the 
towers  to  be  de-tuned,  and  the  matrix  inversion  procedure  is 
used  to  find  base  voltage  drives.  The  normal  array  field 
parameters  are  used  in  the  matrix  while  very  small  field 

JBy  C.W.  Trueman,  published  In  IEEE  Transactions  on 
Broadcasting,  Vol.  34,  No.  1,  March  1988. 
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ratios  are  used  for  the  towers  that  are  to  be  de-tuned.  A 
NEC  run  using  the  resulting  base  drives  yields  the  base 
Impedances  for  the  «rr*y  and  for  the  re-radiating  towers. 
Conjugate  reactance  loading  from  the  bas-j  of  the 
re-radiating  tower  to  ground  will  minimize  pattern 
distortion  effects.  For  towers  close  to  the  array  the 
resistive  component  of  the  base  Impedance  could  be  a  large 
positive  number.  In  this  case  the  re-radiating  tower  would 
have  to  be  actively  driven  to  completely  de-tune  It. 
Passive  loading  Is  usually  sufficient  for  minimizing  pattern 
distortion. 
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‘Relationships  Between  Base  Drives  and  Fields  in  Broadcast  Medium  Wave  Directional  Antennas' 

J.B.  Hatfield  Hatfield  &  Dawson  Consulting  Engineers,  Inc. 

'HF  Ground  Constant  Measurements  at  the  Lawrence  Livermore  National  Laboratory  (LLNL)  Field  Site* 
G.  Hagn  SRI  International 

‘Experimental  Antenna  Measurements  for  the  Validation  of  the  Numerical  Electromagnetics  Code  (NEC)’ 
J.K.  Breakall  and  AM.  Christman  Lawrence  Livermore  National  Laboratory 

‘NEC  Modeling  of  HF  Monopole  Antennas  with  Elevated  Redials’ 

A.  Christman  and  R.  RadcUff  Ohio  University 

Field  Tests  of  HF  Monopole  Antennas  with  Elevated  Radie's" 

A.  Christman  and  R.  Hadcliff  Ohio  University 

J.K.  Breakall  Lawrence  Livermore  National  Laboratory 

"A  Simplified  Model  of  the  Terminated,  Sloping  Long-Wire  (AFWONXX)  Antenna’ 

B.  Campbell  and  W.  Stuart  IfT  Research  Institute 


RELATIONSHIPS  BETWEEN  BASE  DRIVES  AND  FIELDS 
IN  BROADCAST  MEDIUM  WAVE  DIRECTIONAL  ANTENNAS 


James  B.  Hatfield 

Hatfield  &  Dawson,  Consulting  Engineers,  Inc. 
4226  6th  Avenue  N.W. 

Seattle,  Washington  98107 


FCC  specifications  for  the  patterns  of  AM  standard  broadr.flst 
mwJiuH  wave  directional  antennas  inciuoe  constants  known  as 
th®  "field  parameters'.  The  field  parameter*  for  each  tower 
in  an  AM  directional  array  are  the  ratios  of  the  magnitudes 
and  time  phases,  relative  to  an  arbitrary  reference,  of  the 
electric  field  consonant  of  tha  radiation  that  results  from 
tha  summation  of  the  current  msuentt  In  that  particular 
element  of  the  directional  array. 

The  field  parameters  and  voltage  drive  pur'jnstsrs  arm  not 
tha  same.  The  correct  base  drlva  volUg.s  for  method  of 
moments  programs  can  be  found  by  Inverting  .  ..latnx  that  Is 
forced  using  the  field  pirj—trr:  end  sr.tsnns  current  r.cssnt 
simulations  for  the  various  array  elements.  These  voltages, 
whan  used  as  base  drives  for  AM  antenna  modeling  with  the 
NEC  program,  produce  horizontal  plane  antenna  patterns  that 
have  tlie  same  shape  as  FCC  patterns. 

Tha  inverse  of  this  procedure  Involves  loading  the  drive 
tepnents  with  resistances  so  that  the  base  currents  are 
proportional  to  the  drive  voltages.  The  field  parameters 
are  then  found  by  ratlolng  the  sunmatlons  of  the  current 
moments  for  tbs  array  elements.  These  techniques  can  also 
be  used  to  de-tune  re-radiating  objects. 
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The  electrical  parameters  that  are  officially  listed  by  the 
FCC  for  the  purpose  of  specifying  pattern  shape  for  AM 
standard  broadcast  directional  antennas  are  called  "field 
parameters".  One  of  the  radiators  is  chosen  as  the 
reference  tower  and  the  parameters  of  the  other  radiators 
are  specified  relative  to  that  tower.  The  field  parameters 
are  the  relative  ratios  and  phases  of  the  magnitudes  of  the 
electric  field  components  of  the  electromagnetic  waves 
leaving  the  towers  along  the  horizontal  plane. 

Section  73.150(b)(5)  of  the  "Rules"  requires  submission  of 
the  relative  field  ratios  and  phases  of  the  array  when  an 
application  Is  made  to  the  FCC  for  a  permit  to  construct  an 
AM  directional  antenna.  The  mathematical  expressions  used 
to  generate  the  pattern  size  and  shape  (see  Appendix)  are 
functions  of  the  relative  field  ratios  and  antenna  current 
phases.  The  Implicit  assumption  that  is  made  here  is  that, 
the  phases  of  the  antenna  loop  currents  are  identical  to 
the  field  phases.  The  list  of  equations  used  by  the 
Commission  that  are  shown  in  the  appendix  of  this  report 
contains  an  expression  that  relates  loop  currents  to  field 
ratios: 


li  - _ isfj _ 

(C2)  (1  cos  Gi) 

This  equation  says  that  the  loop  current  and  the  field  ratio 
of  a  given  tower  In  a  directional  array  are  proportional  to 
each  othfc'i . 


The  conclusion  to  be  dr=»wn  from  the  above  observations  Is 
that  It  Is  assumed  in  the  "Rules  and  Regulations"  of  the  FCC 
that  the  relative  ratio  and  phase  of  the  loop  current 
(current  at  the  current  maxima)  Is  the  same  as  field  ratio 

_ j  —  u _  a «. _ 4  a  »a  mu 

anu  pnad*  i  uv  a  yivcii  tuwci  in  an  nil  <4ii  wviviiai  01  i  ojr  •  i  iic 

expectation  by  the  Commission  that  the  antenna  current 
parameters  should  be  identical  to  the  field  parameters  is 
also  implied  by  Section  73. 151(a) (2)1 11  of  the  FCC  "Rules" 
which  requires  that  if  the  design  field  parameters  and  the 
monitored  antenna  current  parameters  of  the  adjusted  array 
are  different  "...  a  full  explanation  of  the  reasons  for 
these  differences  shall  be  given." 


Station  licenses  list  parameters  that  must  be  maintained 
during  station  operation  to  demonstrate  that  the  pattern  of 
the  radiated  fields  is  within  specified  limits.  These 
"antenna  parameters"  are  the  ratios  and  phases  of  the 
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antenna  currents  monitored  at  a  specific  location  on  the 
towers.  The  antenna  current  is  monitored  at  the  point  of 
maximum  current  or  at  the  base  of  the  tower.  These 
operating  antenna  parameters  are,  in  practice,  carefully 
distinguished  rrom  the  field  parameters.  Only  the  field 
parameters  (along  with  other  necessary  electrical  and 
physical  parameters  ((element  spaclngs,  heights  and 
orientations))  that  are  necessary  for  proper  description  of 
the  array)  are  used  for  International  notifications  and 
calculations  of  Interference, 


It  has  been  standard  practice  In  the  past  to  build  and 
adjust  AM  directional  arrays  under  the  assumption  that  the 
field  parameters  and  the  antenna  parameters  are  synonymous. 
It  was  thought  that  this  was  a  particularly  safe  assumption 
for  uniform  cross  section  guyed  towers  whose  height  was  in 
the  vicinity  of  a  quarter  of  a  wave  length. 

When  one  looks  at  the  antenna  parameters  and  the  field 
parameters  from  a  moment  method  perspective  their 
differences  become  apparent.  The  radiated  electric  field 
from  a  tower  is  proportional  to  the  summation  of  the  current 
moments  of  that  tower.  The  magnitude  and  phase  of  the 
current  in  each  tower  varies  from  segment  to  segment  in  such 
a  fashion  that  there  is  not  a  fixed  relationship  between  the 
field  parameters  for  that  tower  and  the  antenna  parameters 
given  by  the  current  at.  any  fixed  point  on  the  tower.  While 
the  antenna  and  field  parameters  may  be  similar  for  towers 
90  degrees  and  shorter  they  diverge  sharply  with  increasing 
tower  height  and  are  obviously  different  for  unequal  height 
towers  and  towers  of  radically  different  cross  section. 


The  conclusion  to  be  drawn  from  these  considerations  Is  that 
the  current  sources  used  to  drive  AM  directional  antennas 
must,  iisiia'iiw  haue  relative 
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different  from  the  relative  field  magnitudes  and  phases 
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given  by 
achieved. 


FCC  records  If  the  correct  pattern  is  to 


Four  terminal  network  theory  can  be  used  to  relate  the 
driving  voltages  and  fields  of  the  towers  in  an  AM 
directional  array.  In  this  way  the  v  Uage  drives  that  are 
necessary  to  achieve  the  correct  pattern  can  be  found  for  a 
given  set  of  field  parameters.  The  resulting  voltage  drives 
are  used  for  method  of  moments  modeling  and  the  necessary 
antenna  current  parameters  are  found  In  the  antenna  current 
output  provided  by  the  program. 
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A  method  used  at  the  Harris  corporation  for  a  number  of 
years  and  discussed  In  "Modelling  A  Standard  Broadcast 
Oirectional  Array  With  The  Numerical  Electromagnetics 
Code/1  involves  determining  the  constants  of  a  matrix 
through  the  use  of  a  program  like  NEC.  The  equations 
forming  the  two  tower  matrix  are: 

El  -  Til  VI  +  T12  Y2 
E2  -  T21  VI  +  T22  V2 


The  "£"  variables  are  the  field  parameters*  the  "Vr 
variables  are  the  base  voltage  drives  while  the  "T" 
variables  in  each  column  are  the  current  moment  summations 
for  the  towers  resulting  from  driving  the  towers  one  at  a 
time  with  one  volt  and  with  the  undriven  tower  shorted. 
Once  the  "per  unit"  current  moment  summations  are  known 
through  repeated  runs  of  the  NEC,  or  some  other  program,  the 
matrix  can  be  inverted  to  find  the  voltages  for  any  given 
set  of  field  parameters. 


R.  Adler  has  been  loading  the  drive  segments  with  large 
resistances  when  he  models  AM  arrays.  This  gives  equivalent 
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antenna  current  parameters.  When  the  array  Is  modeled  In 
this  fashon  the  field  parameters  can  be  found  by  summing  the 
current  moments  for  each  tower.  The  voltage  drives  for  the 
unloaded  array  can  then  bt  found  by  applying  the  matrix 
Inversion  technique  to  the  resulting  field  parameters  after 
the  "per  unit"  current  moment  summations  are  determined. 


It  is  thus  possible  to  use  a  method  of  moments  program  like 
NEC  or  MININEC  and  find  field  parameters  from  anUnna 
current  parameters  or  antenna  current  parameters  from  field 
naramot  oir«  _  We  use  a  version  of  HININEC  III  that  has  a  few 
lines  of  code  added  to  sum  the  current  moments  and  to 
calculate  the  relative  field  parameters. 

Re-radiating  utility  towers  can  be  de-tuned  by  modeling  them 
as  a  part  of  the  AM  array.  The  "per  unit"  current  moment 
summations  are  found  for  the  array  elements  and  for  the 
towers  to  be  de-tuned,  and  the  matrix  Inversion  procedure  is 
used  to  find  base  voltage  drives.  The  normal  array  field 
parameters  are  used  In  thefnatrlx  while  very  small  field 

JBy  C.W.  Trueman,  published  in  IEEE  Transactions  on 
Broadcasting,  Vol .  34,  No.  1,  March  1988. 
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ratios  are  used  for  the  towers  that  are  to  be  de-tuned.  A 
NEC  run  using  the  resulting  base  drives  yields  th3  base 
impedances  for  the  array  and  for  the  re-radiating  towers. 
Conjugate  reactance  loading  from  the  base  of  the 
re-radiating  tower  to  ground  will  minimize  pattern 
distortion  effects.  for  towers  close  to  the  array  the 
resistive  component  of  the  base  Impedance  could  be  a  large 
positive  number.  In  this  case  the  re-radiating  tower  would 
have  to  be  actively  driven  to  completely  de-tune  it. 
Passive  loading  is  usually  sufficient  for  minimizing  pattern 
distortion. 
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HF  GROUND  CONSTANT  MEASUREMENTS  AT  THE  LAWRENCE  LIVERMORE 
NATIONAL  LABORATORY  (LLNL)  FIELD  SITE 


By 


George  H,  Hagn 

Information  Sciences  and  Technology  Center 
SRI  International 
1611  North  Kent  Street 
Arlington,  Virginia  22209 


ABSTRACT 


The  SRI  International  open-wire-line  (OWL)  kit  was  used  3-5  July  1987 
to  measure  the  HF  ground  constants  ■'t  the  Lawrence  Livermore  National 
Laboratory  (LLNL)  field  site  In  Livermore,  CA.  Data  were  acquired  at  11 
locations  about  250  ft  west  of  the  LLNL  facility  fence  in  the  vicinity 
where  a  longwire  and  broadband  dipole  were  erected  in  August  1987  for 
making  impedance  measurements  for  the  purpose  of  validating  the  Numerical 
Electromagnetics  Code  (NEC).  An  additional  location  was  measured  to  the 
north  of  the  antenna  site  where  field  strength  data  were  to  be  taken. 
Several  samples  were  taken  at  most  locations.  Best  estimates  of  the  con¬ 
ductivity,  relative  pe rmi 1 1 i vl ty  (relative  uieiectric  constancy,  dissipa¬ 
tion  factor  and  skin  depth  were  computed  as  the  median  values  versus 
frequency  for  2  through  30  MHz.  Data  were  acquired  at  1-MHz  intervals  from 
2  MHz  through  8  MHz,  and  the  interval  was  inci eased  to  2  MHz  from  8  MHz  to 
30  MHz,  The  maximum  and  minimum  values  were  also  determined  as  bounds  on 
the  conductivity  and  relative  permittivity  values  for  use  In  parameter 
sensitivity  analyses.  The  conductivity  values  for  the  relatively  dry, 
densely  packed  light  brown  clay  fell  betw^n  those  typical  of  pastoral  land 
and  rich  agricultural  land  at  about  4x10”^  S/m.  The  relative  permittivity 
values  exhibited  more  variation  with  frequency.  At  the  low  end  of  the  HF 
band,  the  relative  permittivity  values  exceeded  those  of  a  non-flooded  rice 
paddy  (e,g..  about  150  at  ?  MHz);  whereas,  at  the  high  end  of  the  bar'd,  the 
relative  permittivity  approximated  values  typical  of  rich  agricultural  land 
(about  17  at  30  MHz).  The  skin  depth  varied  from  about  2  m  at  2  MHz  to  0.7 
m  at  30  MHz,  The  dissipation  factor  was  about  1.5,  so  the  soil  acted 
almost  as  a  semiconductor  rather  than  as  a  lossy  conductor  or  a  lossy 
dielectric.  Both  the  relative  dielectric  constant  and  conductivity  are 
Important  In  modeling  antennas  and  propagation  over  the  ground  at  the  LLNL 
site.  Data  from  nearby  wells  Indicated  that  the  water  table  was  at  least 
20  m  below  the  surface.  Therefore,  a  one-layer  slab  model  adequately 
described  the  ground  at  this  sUe  for  HF  down  to  the  skin  depth. 


1.  INTRODUCTION 


The  Lawrence  Livermore  National  Laboratory  (LLNL)  has  developed  a 

r  1—3*1 

method-of-moments  model,  the  Numerical  Electromagnetics  Code  (NEC),  J 

for  modeling  antenna  characteristics  over  real  ground.  The  model  requires 

the  specification  of  the  wire  geometry  and  the  electrical  characteristics 

of  the  qround  over  which  the  antenna  is  installed.  The  most  recent 
T31 

version,  NEC-3,  J  which  handles  wires  that  penetrate  the  earth's  surface, 
has  had  only  limited  validation  with  field  measurements.  The  antenna 
measurement  possibilities  include: 

•  Input  impedance; 

•  Directivity  pattern  shape; 

•  Absolute  gain;  and, 

•  Ground-wave  field  strength  versus  distance  from  the 

antenna. 

During  a  previous  group  of  studies,  the  first  three  quantities  were 

modeled  with  NEC-3  and  measured  in  the  HF  band  by  SRI  International  (SRI) 

for  a  7.5-ft  vertical  monopole  with  sixteen  40-ft  radials  buried  7  inches 

F4.61 

at  several  sites  with  different  soils,  J  The  NEC  model  predictions 
compared  favorably  with  the  measurements  when  measured  ground  conductivity 
and  permittivity  (i.e.,  relative  ulelectrlc  constant)  values  were  used.^ 
These  values  of  "ground  constants"  were  obtained  using  the  SRI  open-wire¬ 
line  (Owl)  kit  designed  for  this  purpose. 

The  LLNL  has  planned  additional  NEC  validation  work  at  their  field 

site  near  Livermore,  CA,  using  a  broadband  dipole  and  a  sloping  long- 

wire, Input  Impedance  and  ground-wave  field  strength  values  will  be 

measured  in  the  HF  band  (2-30  MHz),  SRI  was  asked  to  measure  the  ground 

constants  In  the  HF  band  at  the  LLNL  site  for  use  by  LLNL  In  this  valida- 
ri2l 

tion  effort.  J  This  paper  describes  the  SRI  measurements  and  presents 
the  ground  constants  results.  The  NEC  validation  results  are  presented  in 
Ref,  11. 


2.  DESCRIPTION  OF  EQUIPMENT 


The  SRI  open-wire  line  (OWL)  ground  constants  kit  consists  of  a  set  of 
0.5-inch  diameter  aluminum  probes  of  various  lengths  from  3  inches  to  36 
inches,  a  probe  adapter,  an  HP  4193A  Vector  Impedance  Meter,  an  HP85B 
computer,  and  appropriate  software.  The  kit  is  powered  from  generators, 
and  a  metered  variac  is  used  to  maintain  the  correct  voltage  at  the  instru¬ 
mentation  when  a  long  power  cord  is  used.  A  power-line  filter  with  spike 
suppression  is  sometimes  used.  The  kit  is  shown  schematically  in  Figure 
2.1,  and  it  is  shown  in  use  at  Livermore  in  Figure  2.2. 

The  SRI  OWL  kit  semiautomatical ly  measures  the  soil  conductivity  and 
relative  permittivity  vs  frequency  in  the  band  0.5  to  110  MHz.  The 
frequency  spacing  for  measurements  between  0.5  and  2  MHz  is  0.5  MHz,  from  2 
MHz  to  8  MHz  the  spacing  is  1  MHz,  and  from  8  to  30  MHz  the  spacing  Is  2 
MHz.  A  4-MHz  spacing  is  used  from  30  MHz  to  110  MHz. 

3.  SAMPLING  STRATEGY  AND  MEASUREMENT  SITE  AND  LOCATION  DESCRIPTIONS 

3.1  Sampling  Strategy 

The  general  sampling  strategy  evolved  from  consideration  of  the 
following: 

•  Sampling  Locations: 

-  Proposed  antenna  locations; 

-  Proposed  field  strength  measurement  location; 

-  Land  accessabi 1 ity; 

-  Possibility  of  small-scale  lateral  inhomogeneities; 

-  Availability  of  water  well  data;  and, 

-  Surface  vegetation  differences. 

•  Sample  Depths: 

-  The  need  for  observing  variations  (if  any)  in  soil 
electrical  properties  with  depth;  and, 

-  The  depth  to  which  it  was  possible  to  penetrate  the 
soil  and  retrieve  the  probes. 


Figuwet.1  910CK  DIAGRAM  OF  IHE  SRI  OWL  KIT  FOR  MEASURING 
R*  GROUND  CONSTAT 


Figure  2.2  SRI  OWL  KIT  IN  USE  AT  LIVERMORE 


Selection  of  Test  Frequencies: 

-  Band  in  which  the  test  antennas  operate;  and, 

-  Added  frequencies  to  mitigate  possible  interference 
and  facilitate  interpolation. 

•  Choice  of  Measurement.  Day: 

-  Antenna  setup  schedule; 

-  Personnel  availability;  and, 

-  Suitable  weather  conditions. 

Mr.  A1  Christman  of  Ohio  University  selected  the  proposed  antenna 

locations  and  the  radial  for  the  field  strength  measurements.  Some  land 

was  not  available  for  field  strength  measurements  due  to  use  by  livestock. 

r  i3i 

Several  water  wells  had  been  drilled  for  test  purposes,  J  and  one  loca¬ 
tion  was  selected  to  be  near  a  well.  At  a  given  general  location,  several 
sample  points  usually  were  identified  within  about  1  m  of  each  other  to 
check  for  small-scale  variations.  Differences  (if  any)  that  might  relate 
to  changes  in  surface  vegetation  were  also  a  consideration. 

Probe  lengths  up  to  36  inches  were  used;  however,  it  was  not  possible 
to  get  the  longest  probes  into  the  ground  (or  back  out  of  the  ground)  at 
every  location. 

The  basic  test  frequencies  were  in  the  HF  band  (defined  for  the  OWL 
measurements  as  2-30  MHz).  As  previously  noted,  these  data  were  taken  at  a 
1-MHz  interval  from  2-8  MHz  and  at  2-MHz  intervals  from  8  MHz  to  30  MHz. 
This  provided  enough  samples  on  different  frequencies  so  that  data  taken  on 
interference-  contaminated  frequencies  (if  any)  could  be  discarded  without 
impacting  the  ability  to  estimate  the  ground  constant  values  versus 
frequency. 

The  measurement  day  was  a  possible  variable.  Data  were  taken  on  three 
consecutive  days  (3-5  July  1987)  In  order  to  sample  all  the  locations 
selected.  No  locations  were  repeated  on  different  days  at  this  site  due  to 
the  extreme  difficulty  in  getting  the  probes  into  and  out  of  the  ground. 


There  was  no  rain  during  the  test  period,  and  it  had  not  rained  for  some 
weeks  before.  Therefore,  no  significant  change  in  ground  constant  values 
with  measurement  day  was  expected. 


At  a  given  location  (an  area  within  a  radius  of  several  meters  of  the 
stake  marking  the  location),  samples  were  taken  at  several  sample  points 
within  about  1  m  of  each  other  in  order  to  check  the  small-scale  varia¬ 
tions.  The  3-inch  probe  spacing  was  used,  and  this  approximates  a  300-ohm 
line.  An  alphanumeric  coding  system  was  used  to  identify  the  location 
number,  probe  configuration,  and  sample  number  at  that  location.  For 
example,  L1P3S2  indicates  Location  1,  a  probe  spacing  of  3  inches  and 
Sample  2.  Two  identical  OWL  kits  were  used  at  most  of  the  locations,  and 
the  data  from  Kit  1  was  assigned  odd  sample  numbers  and  Kit  2  was  assigned 
even  sample  numbers. 

3.2  General  Site  Description 

The  LLNL  Livermore,  CA  test  site  was  located  to  the  west  of  the 
scientific  compound  about  250  feet  from  the  outer  security  fence.  The  land 
is  quite  flat,  and  it  is  covered  with  dry  grass  about  1-2  feet  high  (see 
Figure  3.1).  Occasional  green  thistles  are  present  and  a  ft.,  small  leaf¬ 
less  bushes  about  3-4  feet  high  were  the  tallest  vegetation  on  the  aite. 
The  soil  was  a  light  brown  clay  containing  occasional  small  rocks. 

3 . 3  Specific  Measurement  Locations 

Twelve  measurement  locations  were  selected  (see  Figure  3.2).  Loca¬ 
tions  1,  2  and  3  represent  the  feedpoint,  center  and  termination  point 
where  the  longwire  antenna  was  erected.  Locations  4,  5,  6  and  7  are  25  ft 
away  from  the  longwire,  75  ft  from  Its  center,  and  Locations  8,  9,  10  and 
11  are  75  ft  from  the  longwire  at  25  ft  from  its  center.  Locations  4 
througn  11  are  symmetrically  located  around  Location  2  to  document  the  area 
where  the  broadband  dipole  was  erected.  Location  12  was  along  the  line  of 
the  longwire  beyond  Location  3  at  the  end  of  the  lab  fence.  It  was 
selected  to  be  along  a  radial  where  the  field  strength  data  would  be  taken. 


Fijure  3.2  LOCATIONS  OF  OWL  MEASUREMENTS  AND  TEST  WELLS 
AT  LIVERMORE  SITE 


All  of  the  locations  appeared  very  similar  to  the  eye.  The  0.5-inch 
steel  rod  used  to  create  the  hole  for  the  aluminum  OWL  probe  was  very  dif¬ 
ficult  to  drive  into  the  dry  ground  using  a  sledge  hammer  (see  Figure  3.3). 
Frequently  the  pointed  steel  rod  would  only  penetrate  less  than  1  inch  per 
hit,  although  it  was  somewhat  easier  to  drive  at  Locations  1  (beside  a  road 
near  the  well),  4  and  8. 

There  was  a  band  about  10  yards  wide  with  no  vegetation  at.  Location  5. 
The  ground  at  this  site  was  very  hard,  and  3  driving  rods  were  broken  try¬ 
ing  to  drive  into  it.  At  the  other  locations,  it  was  necessary  to  clear 
the  vegetation  prior  to  making  the  holes  for  the  probes  (see  Figure  3.4 
taken  at  Location  12).  The  vegetation  at  Location  8  consisted  of  dried 
grasses  1-2  ft  high,  and  several  3-  to  4-ft  bushes  (the  tallest  at  the 
site)  were  nearby.  Several  green  thistles  about  3  ft  high  were  near  Loca¬ 
tion  12,  and  they  were  the  only  green  vegetation  at  the  entire  site  (exclu¬ 
sive  of  trees  along  the  security  fence). 

4.  SOIL  DESCRIPTION 

The  soil  was  highly  compacted  light  brown  clay  with  some  occasional 
small  (1-2  Inch)  smooth  rocks.  The  surface  moisture  content,  temperature 
and  pH  were  measured  at  each  location.  These  results  are  summarized  in 
Table  4,1.  Surface  soil  samples  were  taken  at  Locations  1,  2  and  3  for  use 
In  estimating  soil  mo1sture  content  by  isuring  the  percent  of  change  in 
weight  before  and  after  heating,  but  the  ground  was  so  hard  that  It  was  not 
practical  with  only  a  pick  and  shovel  to  take  samples  at  different  depths 
except  at  Location  1  (where  additional  samples  were  taken  at  1  ft  and  2 
ft).  Regretably,  these  soil  samples  were  lost  when  the  sample  pans  melted 
In  the  microwave  oven.  It  was  observed  that  the  samples  were  successively 
more  moist  as  the  sample  depth  Increased.  The  sealed  pan  for  the  sample 
taken  at  2  ft  had  condensation  on  the  Inside  several  days  later.  There¬ 
fore,  It  Is  assumed  that  there  was  a  gradient  of  moisture  content  which 
Increased  with  depth. 


TABLE  4.1 


Summary  of  Soil  Measurements  at  LLNL  Site 


Location 

Number 

M.C.* 

$?• 

pH 

Comments 

1 

1 

24.5 

7.0 

Soil 

less  compacted 

2 

1 

23.0 

6.9 

Soil 

very  compacted 

3 

1 

22.0 

6.9 

4 

1 

28.5 

7.0 

Soil 

less  compacted 

5 

1 

27.0 

7.0 

Soil 

very  compacted 

6 

1 

28.0 

7.0 

7 

1 

28.5 

7.0 

8 

1 

28.0 

7.0 

Soil 

less  compacted 

S 

1 

28.0 

7.0 

10 

1 

30.0 

7.0 

11 

1 

27.5 

7.0 

12 

1 

24.0 

7.0 

Soli 

very  compacted 

* 

M.C.  *  Moisture  Content  (on  a  scale  from  1  =  dry  to  8  *  wet) 

The  water  table  can  cause  a  very  significant  change  In  effective 

ground  constants  if  It  occurs  closer  to  the  surface  than  a  skin  depth  at 

the  radio  frequency  of  interest.  Fortunately,  the  LLNL  site  has  been 

rm 

recently  surveyed  using  the  test  wells  shown  In  Figure  3.2.  The  water 
table  van  between  71  and  81  feet  below  the  surface  at  the  test  site.  The 
water  vfrptn .  measured  or  14-16  April  1987,  is  given  In  parentheses  beside 
each  ti;'  *fe  i  shown  on  the  map  of  ground  constant  measurement  locations 
(Figure  %.?,). 

5.  DATA  REDACTION  AND  ANALYSIS 
51  unt a  Reduction 

Qnt«  we *e  taken  at  12  locations.  The  number  of  samples  per  location 
ranged  f:om  one  to  four.  Thirty-one  samples  were  taken  In  all,  but  two 
were  discarded  due  to  excessive  separation  of  the  soil  from  the  probes  near 


tht  surface  or  the  inability  to  get  the  probes  completely  into  the  ground 
(see  Table  5.1).  OWL  probe  lengths  up  to  36  inches  were  used  at  8 
locatior.'S,  and  lengths  up  to  24  inches  were  used  at  4  locations  due  to  the 
difficulty  in  probe  insertion  and  extraction.  The  data  were  recorded  on 
thermal  printer  paper  and  on  magnetic  cassettes  using  the  HP  85B.  Figure 
5.1  is  an  example  of  the  raw  data  for  the  3-  and  6-inch  probe  lengths,  and 
Figure  5.2  shows  the  reduced  data  for  these  samples. 


TABLE  5,1 

Summary  of  Data  Samples 


Location 

Number 

Number  of 

Sampl es 

Longest  Probe 
(Inches ) 

1 

4 

36 

2 

4 

36 

0 

2 

36 

4 

1 

24 

5 

2 

36 

6 

4 

36 

-t 

/ 

3 

36 

8 

1 

24 

9 

1 

24 

10 

2 

36 

11 

2 

24 

12 

3 

36 

There  was  a  considerable  spread  in  the  measured  results  for  a  given 
frequency,  so  a  statistical  data  reduction  was  required. 

5.2  Data  Analysis 

Three  types  of  estimates  of  the  ground  constants  versus  frequency  are 
required  for  subsequent  use  by  LLNL  in  the  NEC  validation: 


•  Estimate  for  sloping  longwire; 

•  Estimate  for  broadband  dipole;  and, 

•  Estimate  for  field  strength. 


SITE  NAME 

LIV 

LOCATION  NUMBER 

5 

SAMPLE 

NUMBER 

1 

DATE 

07-05-1 

B? 

TIME  <HOURS> 

16.30 

OPERATOR  1 S  ID 

GHH 

PROBE 

CONFIG 

NO  . 

3 

PROBE 

KIT  NUMBER 

1 

3 

INCH  PROBES  IN 

GROUND 

FREQ. 

sZs 

6 

Er 

SD 

2.8 

1856 

-43.7 

45 

7  32 

3.0 

1431 

-50.8 

37 

5.59 

4.8 

1  IP? 

-49.9 

34 

4 . 15 

5.8 

1073 

-52.3 

28 

3.83 

6.8 

934 

-51  .7 

28 

3.11 

7.0 

871 

-51  .6 

26 

2.63 

6 

761 

-52.4 

24 

2.45 

10 

759 

-39 .0 

33 

.97 

12 

731 

-62  2 

14 

2.76 

14 

628 

-60.0 

15 

2.09 

16 

525 

-62 . 7 

14 

2 . 19 

18 

475 

-60.2 

14 

1 .72 

28 

440 

-61.8 

13 

1 .62 

22 

406 

-59.6 

14 

1 .39 

24 

375 

-56  7 

14 

1 .69 

26 

364 

-53.3 

15 

.83 

26 

352 

-51.9 

16 

.71 

38 

369 

-49.4 

16 

.55 

6 

INCH  PROBES  IN 

GROUND 

FREQ. 

s 2 ' 

e 

Er 

SD 

2  8 

783 

-48 . 1 

55 

7.26 

3.8 

585 

-47.4 

46 

5.00 

4.8 

493 

-42  2 

48 

3.  IB 

5.0 

467 

-42.2 

40 

2.73 

6.0 

404 

-40 . 6 

41 

2.15 

7.6 

410 

-38.7 

36 

1 .80 

Cj 

"irr 

(V  W 

c. 

vv  •  V 

•7  Q 

1.43 

10 

471 

-46  6 

18 

206 

12 

366 

-514 

18 

2.09 

14 

386 

-53.6 

17 

1 . 99 

16 

256 

-57.0 

16 

2.04 

18 

232 

-58.8 

18 

1 .42 

26 

212 

-51 .3 

17 

1 .34 

22 

260 

-46.7 

17 

1 .83 

24 

199 

-43  5 

18 

.  84 

26 

203 

-42.6 

16 

.76 

26 

210 

-41.8 

15 

.69 

30 

218 

-46.8 

12 

.83 

Fi»ur«  C,1  EXAMPLE  OF  RAW  DATA 


LOCATION  •  5 
SAMPLE  #  1 

PROBE  CONFIGURATION  3  in. 
PROBE  LENGTH  3  in. 


FREG 

Br 

COND. 

D.F. 

S.O. 

2 

45 

5.39E-663 

1.68 

7.32 

3 

37 

6. 36E-663 

1.84 

5.59 

4 

34 

8.26E-063 

1  .11 

4.15 

5 

28 

3.  UE-093 

1 .04 

3.83 

6 

28 

9.95E-863 

1 .08 

3.11 

7 

26 

S  .  15E-002 

1  .  15 

2.63 

a 

24 

1  .  19E-002 

1 .16 

2.45 

id 

33 

4. 17E-002 

2.26 

.97 

12 

14 

7 . 64E-803 

.84 

2.76 

14 

15 

1  06E-002 

.92 

2.09 

16 

14 

9.53E-0B3 

.79 

2. 19 

18 

14 

1 . 24E-002 

.89 

1.72 

26 

13 

1 .27E-082 

.87 

1.63 

22 

14 

1 .53E-062 

.92 

1.39 

24 

14 

2.0EE-B02 

1  .87 

1  09 

26 

15 

2.e&E-002 

1.29 

.83 

26 

16 

3 . 43E-082 

1  .41 

.71 

36 

16 

4 . 73E-062 

1.83 

.55 

LIU 


LOCATION  *  5 
SRHPLE  t  1 

PROBE  CONFIGURATION  3  in. 
PROBE  LENGTH  e  in. 


FREQ. 

Er 

COND. 

D.F. 

S.O. 

2 

55 

5 . 90E-883 

.97 

7.26 

3 

4e 

8.  UE-003 

1.01 

5.06 

4 

4  ft 

•TC 

4  -i  i  r^aoio 

1  IT 

**  tft 

5 

40 

1 .46E-802 

1.26 

2.73 

6 

41 

1 .82E-062 

1.34 

2.15 

7 

36 

2. 10E-002 

1.49 

1.80 

8 

39 

2.78E-002 

1  .61 

1.43 

ie 

16 

1 .25E-602 

1.23 

2.06 

12 

16 

1 .16E-002 

.99 

2.09 

14 

17 

1. 19E-O02 

.99 

1,99 

16 

16 

1  . 12E-002 

.77 

2.04 

18 

18 

1.72E-002 

.97 

1  .42 

20 

17 

1 .76E-002 

.9  5 

1.34 

22 

17 

2.41 E-002 

1.13 

1.03 

24 

18 

3  .05E-002 

1.30 

.84 

26 

16 

3 . 29E-002 

1  .39 

.76 

28 

15 

3.54E-002 

1  .51 

.69 

30 

12 

2 . 50E-002 

1 . 29 

.83 

Fl0ur.  5 2  EXAMPLE  OF  REDUCED  DATA 


The  estimate  for  the  sloping  longwire  was  made  by  computing  the  median 
values  for  each  frequency  from  Locations  1  through  7.  The  estimate  for  the 
broadband  dipole  was  obtained  by  computing  the  comparable  median  values 
from  Locations  2  and  4  through  11.  The  estimate  for  the  field  strength  was 
obtained  by  computing  the  site  median  values  using  data  from  all  12  loca¬ 
tions.  For  each  of  these  types  of  estimates,  the  appropriate  data  (taken 
as  a  set)  were  used  to  perform  the  following  steps: 

•  Compute  the  median  values  of  conductivity  and  relative 
dielectric  constant  for  each  measurement  frequency  used; 

•  Compute  median  dissipation  factor  and  skin  depth  using 
the  median  relative  dielectric  constant  and  conduc¬ 
tivity;  and, 

«  Tabulate  and  plot  the  results  vs  frequency. 


6.  DISCUSSION  OF  RESULTS 


6.1  Results 


The  results  for  Locations  1-7,  pertinent  to  the  longwire,  are  given  iri 

Table  6.1.  The  upper  and  lower  bounds  (i.e.,  the  maximum  and  minimum 

observed  values)  are  given  for  the  conductivity  and  relative  dielectric 

_2 

constant.  The  median  conductivity  was  approximately  4  X  10  S/m  across 
the  band;  whereas,  the  median  relative  dielectric  constant  decreased  from 
182  at  2  MHz  to  17  at  30  MHz.  The  upper  and  lower  bounds  were  separated  by 
about  one  order  of  magnitude  for  trie  conductivity  and  about  half  that 
separation  was  typical  for  the  relative  dielectric  constant.  The  dissipa¬ 
tion  factor  was  about  1,5  and  the  skin  depth  varied  from  about  1,5  m  at  2 
MHz  down  to  about  0,7  m  *.  30  MHz. 

Comparable  data  were  obtained  for  the  area  where  the  broadband  dipole 
Is  to  be  erected  (Locations  2,  4-11).  These  data  are  summarized  In  Table 
6,2  for  the  conductivity  and  relative  dielectric  constant.  The  overall 
site  median  values  (Locations  1-12)  for  these  same  parameters  are  tabulated 
In  Table  6.3. 


TABLE  6.1 


Susmary  of  Data  for  Long wire  Antenna 
(Locations  1  through  7) 


Frequency  Best  Estimate  Lower  Bound  Upper  Bound 

(MHz)  ~1T  o  (S/m)  T  a  (SAd)  T  cT  (s/m) 


2 

182 

4.72 

X 

10-2 

82 

1.16 

X 

10-2 

455 

1.56 

X 

10-1 

3 

141 

7.10 

X 

10-2 

71 

2.15 

X 

10-2 

371 

2.04 

X 

10-1 

4 

92 

6.09 

X 

10-2 

73 

2.55 

7 

10-2 

328 

2.73 

X 

10-1 

5 

71 

3.93 

X 

10-2 

52 

2.10 

X 

10-2 

301 

3.36 

X 

10-1 

6 

71 

4.98 

X 

10-2 

49 

2.51 

X 

10-2 

293 

4.35 

X 

10-1 

7 

62 

5.45 

X 

10-2 

38 

2.62 

X 

10-2 

217 

3.06 

X 

10-1 

8 

51 

5.00 

X 

10-2 

22 

2.67 

X 

10-2 

213 

3.68 

X 

10-1 

10 

46 

5.18 

X 

10-2 

28 

2.01 

X 

10-2 

78 

1.12 

X 

10-1 

12 

39 

4.32 

X 

10-2 

19 

1.56 

X 

10-2 

58 

8.38 

X 

10-2 

14 

31 

3.67 

X 

10-2 

19 

1.59 

X 

10-2 

54 

9.59 

X 

10-2 

16 

30 

3.54 

X 

10-2 

19 

1.87 

X 

10-2 

52 

1.04 

X 

10-1 

18 

24 

3.09 

X 

10-2 

17 

1.91 

X 

10-2 

46 

8.83 

X 

10-2 

20 

23 

3.11 

Y 

;  n_2 

16 

2=08 

Y 

10-2 

44 

9.32 

Y 

10-2 

22 

22 

3.80 

X 

10-2 

14 

1.03 

X 

10-2 

28 

5.55 

X 

10-2 

24 

20 

3.91 

X 

10-2 

12 

1.53 

X 

10-2 

31 

6.80 

X 

10-2 

26 

20 

4.48 

X 

10-2 

10 

1.32 

X 

10-2 

27 

6.43 

X 

10-2 

28 

18 

4.45 

X 

10-2 

10 

1.22 

X 

10-2 

26 

6.98 

X 

10-2 

30 

17 

4.33 

X 

10-2 

9 

1.26 

X 

10-2 

24 

7.23 

X 

10-2 

TABLE  6.2 


Summary  of  Data  Broadband  Dipole 
(Locations  2,  4  through  11) 


Frequency  Best  Estimate  Lower  Bound  Upper  Bound 

(MHz)  er  o  (S/m)  er  a  (S/m)  o  (S/m) 


2 

137 

2.72 

X 

10-2 

54 

1.16 

X 

10-2 

314 

9.22 

X 

10-2 

3 

112 

3.52 

X 

10-2 

49 

1.00 

X 

10-2 

230 

1.10 

X 

io-1 

4 

87 

3.73 

X 

10-2 

45 

1.17 

X 

10-2 

266 

2.14 

X 

10'1 

5 

71 

3.93 

X 

10-2 

42 

1.78 

X 

10-2 

189 

1.63 

X 

.o'1 

6 

63 

3.49 

X 

10-2 

33 

1.01 

X 

10-2 

205 

2.73 

X 

lO'1 

7 

57 

4.46 

X 

10-2 

28 

1.27 

X 

10-2 

T  S3 

2.36 

X 

10-1 

8 

48 

3.70 

X 

10-2 

22 

1.47 

X 

10-2 

150 

2.48 

X 

10”1 

10 

45 

io"1 

4.66 

X 

10-2 

22 

1.18 

X 

10-2 

78 

1.12 

X 

12 

39 

4.37 

X 

10-2 

19 

1.46 

X 

10-2 

58 

8.38 

X 

10-2 

14 

32 

4.24 

X 

10-2 

19 

1.81 

X 

10-2 

54 

9.59 

X 

10-2 

16 

32 

4,55 

X 

10-2 

19 

1.87 

X 

10-2 

52 

1.04 

X 

10“* 

18 

23 

2.99 

X 

10-2 

17 

1.91 

X 

10-2 

46 

8.83 

X 

10-2 

on 

OO 

4.4 

O  t  1 
Jill 

A 

t  A  « 

iU-4. 

16 

2.08 

X 

10-2 

44 

9.32 

X 

10-2 

22 

20 

3.41 

X 

10-2 

10 

1.01 

X 

10-2 

28 

5.55 

X 

10-2 

24 

22 

4.80 

X 

10-2 

11 

1.40 

X 

10-2 

31 

7.09 

X 

10-2 

26 

20 

5.05 

X 

10-2 

10 

1.28 

X 

10-2 

27 

6.53 

X 

10-2 

28 

18 

4.26 

X 

10-2 

9 

1.22 

X 

10-2 

26 

6.98 

X 

10-2 

30 

17 

3.80 

X 

10-2 

9 

1.26 

X 

10-2 

24 

6.67 

X 

10-2 

TABLE  6.3 


Summary  of  Data  for  Field  Strength  Tests 
(Locations  1  through  12) 


Frequency 

(MHz) 


Best  Estimate 
o  (S/o) 


Lower  Bound 
0  (S/m) 


Upper  Bound 
o  (S/o) 


2 

153 

3.55 

X 

10-2 

54 

6.37 

X 

10-3 

455 

1.56 

X 

10"1 

3 

129 

4.16 

X 

10-2 

49 

1.00 

X 

10-2 

371 

2.04 

X 

10-1 

4 

109 

4.74 

X 

10-2 

45 

1.17 

X 

10-2 

328 

2.73 

X 

10~* 

5 

77 

3.82 

X 

10-2 

42 

1.78 

X 

10-2 

301 

3.36 

X 

io”1 

6 

60 

3.41 

X 

10-2 

33 

1.01 

X 

10-2 

293 

4.35 

X 

10”1 

7 

56 

4.43 

X 

10-2 

28 

1.27 

X 

10-2 

217 

3.06 

X 

io"1 

8 

48 

3.91 

X 

10-2 

22 

1.47 

X 

10-2 

213 

3.68 

X 

10~* 

10 

45 

4.34 

X 

10-2 

22 

1.18 

X 

10-2 

78 

1.12 

X 

10_1 

12 

39 

4.35 

X 

10-2 

19 

1.46 

X 

10-2 

58 

8.38 

X 

10-2 

14 

32 

4.10 

X 

10-2 

19 

1.59 

X 

10-2 

54 

9.59 

X 

10-2 

16 

29 

3.34 

X 

10-2 

19 

1.87 

X 

10-2 

52 

1.04 

X 

IO”1 

18 

23 

3.03 

X 

10-2 

17 

1.91 

X 

10-2 

46 

8.83 

X 

10-2 

20 

23 

3,07 

X 

10-2 

16 

2.08 

X 

10-2 

44 

9.32 

X 

10-2 

22 

21 

3.59 

X 

10-2 

10 

1.01 

X 

10-2 

28 

5.55 

X 

10-2 

24 

22 

4.14 

X 

10-2 

11 

1.40 

X 

10-2 

31 

7.09 

X 

10-2 

26 

20 

4.61 

X 

10-2 

10 

1.26 

X 

10-2 

27 

6.53 

X 

10-2 

28 

18 

4.36  X 

10-2 

9 

1.22 

X 

10-2 

26 

6.98 

X 

10-2 

30 

17 

3.96 

X 

10-2 

9 

1.26 

X 

10-2 

24 

7.23 

X 

10-2 

6.2  Horizontal  Homogeneity 

There  are  two  scales  of  horizontal  homogeneity  to  consider:  varia¬ 
tions  among  samples  taken  on  a  given  frequency  with  the  probes  inserted 
within  about  1  m  of  each  other  at  a  given  location,  and  variations  with 
location  across  the  entire  antenna  field.  The  small-scale  variations 
seemed  rather  large  (see  the  bounds  given  in  Appendix  A  of  Ref.  12  for  the 
data  on  a  given  frequency  at  each  location),  but  the  small-scale  variation 
seemed  to  decrease  with  increasing  measurement  frequency.  The  median 
values  for  each  location  showed  relatively  little  variation  (for  this  type 
of  data)  across  the  entire  antenna  field  (with  a  few  minor  exceptions),  as 
discussed  below. 

The  median  data  were  quite  similar  for  the  three  groupings.  This  is 
to  be  expected  because  the  data  sets  were  not  mutually  exclusive.  The 
horizontal  (lateral)  homogeneity  across  the  entire  site  can  be  considered 
by  focussing  on  a  few  selected  frequencies.  Table  6.4  summarizes  the  con¬ 
ductivity  and  relative  dielectric  constants  data  for  7,  14  and  30  MHz. 

TABLE  6.4 

Summary  of  Median  Data  for  7,  14  and  30  MHz 


Location  7  MH2  14  MHz  30  MHz 


No. 

er 

cr\ S/m) 

£  r 

cns/m) 

<£r 

at  S/m) 

1 

55 

4.35 

X 

iO^J 

23 

1.86 

X 

ioi 

16 

4.12 

x  io-j 

2 

62 

5.77 

X 

10'? 

32 

4.31 

X 

10J 

17 

4.33 

X  10J 

3 

63 

5.56 

X 

10  2 

41 

5.45 

X 

10  i 

21 

5.56 

x  io-J 

4 

54 

4.00 

X 

10  2 

31 

3.61 

X 

10J 

12 

2.42 

X  10"£ 

5 

67 

5.45 

X 

\o'i 

39 

4.84 

X 

10- 

22 

5.48 

X  10-J 

6 

50 

3.38 

X 

1°1 

29 

2.77 

X 

101 

16 

3.18 

X  io~Z 

7 

66 

5.91 

X 

31 

3.67 

X 

10  2 

21 

5.54 

x  io"; 

8 

54 

4.46 

X 

10- 

31 

3.96 

X 

1°1 

14 

3.59 

x  io"; 

9 

41 

2.10 

X 

io"; 

33 

4.24 

X 

10  2 

11 

2.07 

x  jo"; 

10 

59 

5.02 

X 

10  i 

37 

4.91 

X 

10  i 

16 

3.80 

x  io"; 

11 

57 

4.40 

X 

i<T 

34 

4.24 

X 

ioi 

21 

5.57 

x  io"; 

12 

37 

1.99 

X 

10"2 

22 

1.80 

X 

l(f2 

17 

3.62 

X  10"* 

These  frequencies  are  approximately  octavely  related  across  the  HT  band. 

At  7  MHz,  the  location  median  values  are  very  similar  except  at  Locations  9 

and  12,  At  each  of  these  locations  there  was  some  difficulty  with  the  soil 

breaking  away  from  the  top  of  the  probe  holes  as  the  holes  were  being  made. 

This  added  air  may  have  caused  the  OWL  kit  readings  to  be  biased  to  the  low 

side.  The  data  reduction  equations  assume  that  the  soil  is  touching  the 

rods  for  their  full  length.  The  suspicion  that  the  air  holes  caused 

reduced  readings  was  verified  by  using  the  same  set  of  probe  holes  twice. 

The  second  readings,  taken  in  the  enlarged  holes  (with  more  air),  gave 

lower  values.  The  problem  caused  by  the  dry  orittle  soil  was  not  unique  to 

these  two  locations,  but  it  was  more  pronounced  there.  Excluding  these  two 

locations,  the  conductivity  values  varied  between  3.38  X  10"^  S/m  and  5.91 
-2 

X  10  S/m,  and  the  relative  dielectric  constant  values  varied  between  50 
and  67.  At  14  MHz,  the  data  from  Locations  1  and  12  were  low  relative  to 
the  other  locations.  Excluding  these  two  locations,  the  conductivity 
values  varied  from  2.77  X  10"^  S/m  to  5.45  X  10”^  S/m,  end  the  relative 
dielectric  constant  values  varied  from  29  to  41.  At  30  MHz,  the  data  at 
Locations  4  and  9  were  lower  for  both  the  conductivity  and  relative 
dielectric  constant.  At  Location  9,  the  problem  of  air  around  the  probes 
was  probably  responsible  for  the  values  being  lower.  At  Location  4,  the 
surface  soil  (pertinent  to  the  9-inch  probes  used  to  obtain  the  data  at  30 
MHz)  was  much  less  compacted,  and  this  resulted  ■‘n  the  lower  values.  As 
noted  In  Table  4.1,  the  soil  was  less  compacted  at  Locations  1,  4  and  8. 
The  Location  8  data  for  all  three  frequencies  seems  to  be  very  similar  to 
the  data  from  the  other  locations  evun  though  the  steel  rods  were  somewhat 
easier  to  drive  at  this  location. 

The  conclusion  is  that  the  site  is  relatively  horizontally  homogeneous 
from  a  statistical  standpoint—with  the  possible  exception  of  Locations  9 
and  12. 

6.3  Vertical  Homogeneity 

As  mentioned  In  Section  3,  there  was  a  vertical  gradient  of  moisture 
content  with  the  soil  getting  more  moist  with  increasing  depth  down  to  2  or 
3  ft.  The  water  table  was  at  71  to  81  feet  below  the  surface.  Therefore, 


It  was  not  a  factor  since  the  skin  depth  was  only  about  3  to  6  feet.  Next, 
the  variation  of  the  relative  dielectric  constant  (most  closely  correlated 
with  volumetric  moisture  content  with  depth  at  the  same  location  is 
considered  by  comparing  the  re-ults  obtained  for  several  probe  lengths  on 
the  same  frequency  at  Location  2 

The  relative  dielectric  constant  data  for  Location  2  are  given  in 
Table  6,5  for  the  seven  probe  lengths  for  the  following  frequencies:  2,  4, 
7,  14  and  30  MHz.  These  data  show  that  there  is  a  variation  of  relative 

TABLE  6.5 

Examples  of  Variation  of  Relative  Dielectric  Constant 
with  Depth  for  Selected  Samples  and  Frequencies  at  Location  2 


Loc.  Sample  Freq.  Probe  Length  (Inches) 

-  -  -  : ***  ~  — —  -  «  a  ~  “  -  a  ^ 


No. 

No. 

(MHZ) 

3 

6 

5 

C\J 

H 

ne  — 

24 

“36 - 

2 

1 

2 

T2 

59 

59 

84 

138 

95 

141 

2 

i 

4 

4 

24 

45 

45 

74 

99 

85 

l.d.* 

2 

1 

7 

23 

63 

47 

65 

53 

55 

l.d. 

2 

1 

14 

12 

15 

17 

22 

30 

39 

l.d. 

2 

1 

30 

16? 

17 

12 

17 

l.d. 

l.d. 

i.d. 

2 

~T 

2 

26 

37 

45 

128 

~~?T2 

“'266 

Hnrr 

2 

2 

4 

16 

28 

35 

73 

114 

176 

169 

2 

2 

7 

14 

25 

24 

40 

71 

94 

l.d. 

O 

£. 

O 

(. 

1  X 

X*? 

l  i 

X  1 

*  '  • 

1J 

i  /• 

10 

#»•» 

54 

i  .d. 

i  .0. 

2 

2 

30 

10 

9 

11 

20 

l.d. 

1  .d. 

l.d. 

2 

3 

2 

22 

97 

72 

100 

03 

76 

89 

2 

3 

4 

17 

64 

74 

126? 

68 

81 

l.d. 

2 

3 

7 

16 

30 

76 

101 

36 

38 

i.d. 

2 

3 

14 

10 

18 

18 

22 

18 

iy 

i.d. 

2 

3 

30 

16? 

16 

12 

15 

18 

l.d. 

i.d. 

2 

4 

2 

25 

29 

65 

51 

104 

92 

250 

2 

4 

4 

18 

22 

41 

41 

54 

79 

l.d. 

2 

4 

7 

15 

20 

32 

35 

34 

62 

i.d. 

2 

4 

14 

11 

12 

16 

17 

26 

45 

i.d. 

<3 

4 

30 

13? 

10 

10 

11 

l.d. 

l.d. 

i.d. 

*  l.d.  *  invalid  data;  ?  *  questionable  data 


dielectric  constant  with  probe  depth  for  a  given  frequency  that  generally 
Increases  with  increasing  probe  depth  up  to  18  or  24  inches,  except  at  30 
MHz  where  little  real  variation  is  apparent.  All  four  samp  es  were 
obtained  within  2  meters  of  each  other;  Samples  1  and  3  (Kit  1)  an  Samples 
2  and  4  (Kit  2)  were  within  1  meter  of  each  other  for  a  given  kit.  The 
conclusion  Is  that  the  moisture  content  and  the  resulting  ground  constants 
varied  considerably  over  relatively  short  distances,  and  that  it  would  be 
necessary  to  sample  several  times  at  a  given  location  and  use  some  measure 
of  central  tendency  (e.g.,  the  median)  to  describe  the  soil  as  it  would  be 
seen  by  a  passing  radio  wave  with  a  wavelength  In  the  medium  which  is 
larger  than  the  scale  of  variation  being  observed. 


6 . 4  Comparison  of  Livermore  Data  with  Generic  Curves  and  Data  from  Other 

Sites 

In  1980,  the  author  developed  some  "generic  curves"  for  the  ground 
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curves  provide  estimates  of  the  ground  constants  for  different  terrain 
categories  of  the  types  described  in  handbooks. These  curves  for 
the  HF  band  for  conductivity,  relative  dielectric  constant,  dissipation 
factor  and  skin  depth,  are  reproduced  here  (from  Ref.  5)  as  Figures  6.1 
through  6,4,  respectively.  Also  shown  on  these  curves  are  data  taken  at 
other  sites  as  presented  and  discussed  in  Ref.  18.  The  Livermore  median 
values  for  all  12  locations  are  shown  on  Figures  6.1  through  6.4  to 
facilitate  the  comparison.  The  closest  fit  for  the  Livermore  data  to  the 
generic  curves  Is  with  rich  agricultural  land.  The  Livermore  data  are 
almost  Identical  to  the  results  obtained  earlier  by  SRI  on  a  farm  near 
Delta,  UT,  where  again  rich  agricultural  land  seemed  an  apt  descrip¬ 
tion.  t4’5-1 


A  useful  parameter  for  NEC  modeling  is  the  wavelength  in  the  soil  at 
the  radio  frequency  of  Interest.  This  parameter  Is  needed  in  order  to 
determine  the  number  of  segments  needed  for  NEC-3  for  the  wire  which  has 
penetrated  the  air-ground  interface.  A  set  of  generic  curves  for  this 
parameter  were  developed  recently  by  Hagn.L*7J  using  the  equations  In  Table 
6  of  Ref.  18  or  Table  1  of  Ref.  19.  The  curves  of  wavelength  In  the  soil 
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(or  sea  water)  vs  frequency  are  plotted  in  Figure  6.5.  The  data  from  the 
Livermore  site  are  plotted  for  comparison. 

o . 5  Accuracy  Considerations 

Accuracy  checks  with  the  HP  4193A  on  a  52.0-ohm  dummy  load,  as 
measured  at  DC  with  a  Micronta  Model  2-211  two-jewel  meter,  provided  values 
less  than  0.6  ohm  different  across  the  HF  band  on  the  measurement  frequen¬ 
cies,  The  phase  angle  difference  was  never  more  than  1.9  degrees,  and  it 
was  1  degree  or  less  for  frequencies  below  16  MHz.  The  frequency  accuracy 
Is  +.  0.01  percent.  The  HP  4193A  features  built-in  test  equipment  (BITE), 
and  the  front-panel  display  flashes  "PASS"  or  a  "NOT  READY"  light  comes  on. 
This  ensures  that  the  instrument  Is  operating  properly  prior  to  data 
acquisition. 

The  resulting  accuracy  of  measurement  of  the  ground  constants  Is 
belter  than  25  percent. 

7.  CONCLUSIONS  AND  RECOMMENDATIONS 

7.1  Conclusions 

The  following  conclusions  were  reached: 

•  The  ground  constants  data  were  particularly  difficult 
to  obtain  at  Livermore  due  to  the  hardness  (and  brittle 
nature)  of  the  soil  at  this  site. 

•  There  was  a  significant  variation  of  the  data  for  a 
qlven  frequency  at  a  given  location  arid  between  loca¬ 
tions,  and  this  necessitated  a  statistical  analysis  to 
obtain  best  estimates  of  the  ground  constants  at  the 
Livermore  site  suitable  for  use  In  NEC  validation, 

•  These  small-scale  variations  could  have  been  caused  by 
localized  variations  in  moisture  content  or  by  differ¬ 
ing  amounts  of  air  around  the  probes  (biasing  the  read¬ 
ing  to  be  too  low),  or  by  both  effects. 

•  The  data  from  selected  locations  required  grouping 


7.2 


together  to  obtain  the  sample  set  for  the  two  antennas 
(longwlre  and  broadband  dipole)  and  for  the  field 
strength  test. 

•  The  location  median  values  of  the  conductivity  and 
relative  dielectric  constant  were  reasonably  consistent 
across  the  antenna  field. 

•  The  spreads  between  the  bounds  about  the  median  formed 
by  the  maximum  and  minimum  observed  values  were  about 
an  order  of  magnitude  for  the  conductivity  and  about 
half  that  for  the  relative  dielectric  constant.  These 
are  typical  of  the  spreads  observed  at  other  locations 
where  there  was  less  of  a  problem  with  air  around  the 
probes. 

•  The  effective  skin  depth  is  less  than  about  2  meters  In 
the  HF  band  at  Livermore,  and  It  decreases  to  about 
0.7  m  at  30  MHz.  Therefore,  the  water  table  (which  Is 
over  20  m  down)  has  no  significant  effect  on  HF 
antennas  or  propagation  at  this  site. 

•  The  ground  at  the  Livermore  site  behaves  as  a  lossy 
conductor  In  the  HF  band  with  an  effective  dissipation 
factor  that  Is  relatively  constant  with  frequency  at 
about  1.5. 

•  The  conductivity  also  Irrelatively  constant  In  the  HF 
band  at  about  4  X  10"^  S/m;  whereas,  the  relative 
dielectric  constant  decreases  with  Increasing  frequency 
from  about  150  at  2  MHz  to  about  17  at  30  MHz. 

•  The  SRI  OWL  kit,  adapted  from  the  approach  of 
K1rk$cether,[20]  Is  an  effective  tool  for  estimating 
effective  ground  constant  values  for  the  HF  band  when 
appropriate  sampling  techniques  are  used  and  when 
appropriate  statistical  processing  of  the  valid  data  Is 
performed. 


Recommendations 


The  following  recommendations  are  offered; 


•  The  median  values  of  conductivity  and  relative  dielec¬ 
tric  constant  given  In  Tables  6.1  through  6.3  should  be 
used  to  estimate  (by  Interpolation)  the  values  for  the 
NEC  validation  computations  for  the  longwlre  and 
broadband  dipole  Input  Impedance  and  the  field  strength 
vs  distance. 


•  A  parameter  sensitivity  analysis  should  be  performed 
using  the  bounds  given  In  Tables  6.1  through  6.3  of 
Ref.  11  as  Input  values  for  NEC.  Priority  should  be 
given  to  the  upper  bounds  due  to  the  problem  with  air 
around  the  top  of  the  probes  at  some  locations  which 
probably  biased  those  values  low, 

•  The  vertical  electric  field  strength  data  vs  distance 
from  the  longwlre  should  be  fit  using  an  SRI  program  or 
the  NEC  while  varying  the  ground  constants.  Any  ground 
constant  estimates  obtained  through  such  curve  fitting 
should  be  compared  with  the  data  from  the  OWL  kit, 

•  The  moisture  content  vs  depth  should  be  measured  and 
correlated  with  the  relative  dielectric  constant  data 
vs  probe  length  of  the  type  given  in  Table  6.5.  The 
soil  samples  for  this  comparison  should  be  taken  from 
the  same  volume  sampled  by  the  OWL  kit  (a  cylinder 
approximately  twice  the  probe  spacing  and  as  deep  as 
the  probes)  to  check  the  small-scale  variations  in 
relative  dielectric  constant  and  to  determine  if  they 
are  caused  by  highly  localized  moisture  content 
variations  or  by  different  amounts  of  air  around  the 
probes  near  the  top  ot  the  holes.  It  may  be  necessary 
to  carefully  drill  the  holes  for  the  probes  and  to  use 
a  core  drill  for  the  soil  samples. 
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ABSTRACT  •  There  haa  heer  a  need  for  the  last  ten  years  to  test  thor¬ 
oughly  several  of  the  modeling  features  of  the  Numerical  Electromagnetics  Code 
(NEC),  a  state  of  the  art  antenna  analysis  computer  program  based  on  the 
method  of  moments  integral  equation  solution  technique,  which  was  developed 
at  the  Lawrence  Livermore  National  Laboratory  (LLNL).  This  paper  will  de¬ 
scribe  the  efforts  and  results  of  a  project  which  was  initiated  and  completed  In 
1087  to  carry  out  such  tests.  Experlmmtal  measurements  of  several  type*  of 
antennas  in  the  field  at  Livermore  have  beer,  made  over  the  hand  of  frequencies 
from  2-30  MHz,  including  Input  impedance,  radiated  field  strength,  and  current 
distributions,  which  have  been  used  to  compare  with  computed  results  using 
models  of  the  antennas  with  NEC.  The  antennas  have  been  chosen  to  test  a  host 
of  options  and  features  that  arc  used  In  NEC  and  especially  the  close  ground 
interactions  of  these  structures.  To  achieve  the  highest  accuracy,  a  significant 
effort  was  made  to  measure  the  ground  parameters  in  the  field  where  the  anten¬ 
nas  were  located.  The  data  obtained  from  all  measurements  will  be  discussed 
and  compared  to  the  corresponding  NEC  results  for  validation  of  the  code. 

1,  INTRODUCTION 

The  Lawrence  Livermore  National  Laboratory  (LLNL)  was  tasked  with  conducting 
a  series  of  antenna  measurements  in  the  fields  at  Livermore  and  providing  results  of 
these  and  computer  modeling  of  the  antennas  to  the  United  States  Army  Information 
Systems  Engineering  and  Integration  Center  (USAISEIC),  Ft,  Huacliuca,  Arizona, 
There  has  been  a  need  to  thoroughly  test  several  of  the  modeling  featurej  and  options 
of  the  most  recent  version  of  the  Numerical  Electromagnetics  Code  (NEC-3),  but  it 
was  not  until  now  that  the  effort  was  initiated.  NEC-3  is  a  state-of-the-art  antenna 
analysis  computer  program  which  was  developed  at  LLNL  [1,2]  This  latest  version 
of  the  Numerical  Electromagnetics  Code,  NEC-3,  which  can  treat  finitely-conducting 
earth  and  allow  buried  and  penetrating  objects  below  and  across  the  interface,  was 
used  in  thir  work.  Previous  versions  of  NEC  only  allowed  objects  above  the  interface 
and  have  been  extensively  validated  with  both  experiment  and  comparisons  with  other 
analytical  methods  and  results. 

Several  weaknesses  of  the  NEC-3  code  have  been  reporled  by  others  outside  of 
LLNL.  The  measurements  carried  out  in  this  project  on  the  anteurms  tested  will  ouan- 


*  Work  performed  under  the  auspices  ol  the  U.  S.  Department  of  Energy  by  tin-  Lawrence  Livermore 
National  Laboratory  under  Contract  W-7405-Fng-48  end  the  l".S.  Army  Information  Systems  Engineering  a  id 
Integration  Center,  Ft.  Iluacliuca,  Arizona  with  order  number  ISEIC-ftl -04-87. 


tify  any  inaccuracies  that  might  exist  to  a  degree  that  is  the  best  that  can  currently 
be  achieved.  This  data  will  therefore  form  a  benchmark  for  NEC-3  and  other  codes  for 
problems  of  similar  type  and  construction. 

To  achieve  the  required  accuracy  and  confidence,  a  significant  effort  was  made 
to  measure  the  ground  constants,  conductivity,  <r,  and  the  dielectric  constant,  e,  in 
the  fields  just  west  of  LLNL  in  early  July,  1987.  Since  no  rain  fell  throughout  the 
measurement  period,  the  ground  stayed  dry,  and  the  ground  parameters  remained 
unchanged. 

This  paper  will  describe  the  experimental  and  computational  task  plan  for  val¬ 
idating  NEC-3  on  some  specific  antenna  configurations.  A  detailed  discussion  of  all 
measurements  and  computations  will  be  given  on  both  the  full  scale  antennas  in  the 
field  and  the  scaled  model  versions  in  the  anechoic  chamber  facilities  at  LLNL.  Finally, 
results  of  this  work  will  be  provided  and  discussed  with  the  implications  for  future 
antenna  modeling. 

2.  NEC  VALIDATION  AND  MEASUREMENTS 
TASK  PLAN 

After  discussions  at  a  meeting  at  Ft.  Huachuca  in  June,  1987.  a  plan  was  formu¬ 
lated  for  carrying  out  measurements  of  two  types  of  antennas  in  the  field  at  Livermore. 
It  was  decided  that  measurements  would  be  made  over  the  band  of  frequencies  of  *• 
30  MHz  of  input  impedance,  radiated  field  strength,  and  current  distributions  wliun 
would  be  used  to  compaie  with  computed  results  using  models  of  the  antennas  with 
NEC.  The  antennas  have  been  chosen  to  test  a  host  of  options  and  features  that  are 
used  in  NEC  and  especially  the  close  ground  interactions  of  these  structures. 

The  Army  at  Ft.  Huachuca  provided  additional  funding  to  also  have  the  ground 
measurements  of  oui  site  characterized  by  G.  Hagn  (SRI)  using  his  Open  Wire  Line 
(OWL)  technique  [3,4].  Wc  carried  out  these  measurements  over  the  holiday  weekend 
of  July  3,  4,  and  5  with  the  help  of  J.  Breakall,  A.  Christman,  R.  Adler,  and  W.  Averill 
assisting  G.  Hagn.  Many  long  hours  of  hard  labor  were  spent  in  this  effort  mostly 
due  to  the  extremely  hard  cement-like  ground  found  in  our  test  field  just  outside  the 
LLNL  fence  boundaries.  When  completed  Sunday  nig.it,  wc  had  made  some  3000  to 
4000  independent  measurements  of  cr  and  c  at  12  different  test  sites  with  about  3  probe 
locations  at  each  site  and  7  different  probe  lengths  over  18  different  frequencies  from 
2-30  MHz.  G.  Hagn  provided  a  statistical  summary  characterization  of  the  values  found 
so  we  can  use  this  data  to  test  our  NEC  models  [5]. 

The  plan  was  formulated  to  have  the  Air  Force  (Scott  AFB,  Ill.)  arrive  and  set 
up  the  first  antenna  the  last  week  of  July,  1987,  and  measurements  were  completed 
during  that  week.  The  Air  National  Guard  (Hayward,  Ca.)  arrived  the  following  week 
and  set  up  the  2nd  antenna  and  measurements  were  completed  during  that  week.  The 
NEC  modeling  was  performed  during  the  rest  of  the  month  oi  August  and  September, 
1987.  The  scale  model  of  one  of  the  antennas  was  constructed  and  tested  the  following 
month  in  the  anechoic  chamber  facilities  at  LLNL.  Work  then  continued  with  the  data 
reduction  and  processing  of  results  into  the  final  report .  We  predict  that  this  work  will 
provide  some  extremely  useful  information  for  validating  the  NEC  code  and  evaluating 


the  importance  of  good  ground  parameter  determination. 


3.  MODELING  THE  ANTENNAS 

Figure  3.1  is  a  computer-generated  drawing  of  the  NEC  model  for  the  Bent  Bow 
dipole  antenna.  The  three-dimensional  right-handed  Cartesian  co-ordinate  system 
shown  in  the  Figure  3.1  was  used  throughout  the  modeling  process.  The  origin  of 
the  co-ordinate  system  is  located  at  ground  level  directly  beneath  the  apex  of  the  an¬ 
tenna.  The  spherical  co-ordinate  system  is  also  used  (R,#,<^),  with  6  being  measured 
from  the  positive  z-axis  and  <j>  measured  in  the  x-y  plane  from  the  positive  x-axis  to¬ 
ward  the  positive  y-axis.  This  drawing  includes  the  mast  and/or  coaxial  transmission 
line.  The  coax  does  not  touch  the  antenna  at  its  apex,  but  is  separated  by  a  distance 
of  4  inches  (to  simulate  the  electrical  isolation  provided  by  the  balun).  The  short  hor¬ 
izontal  section  of  wire  immediately  above  the  top  end  of  the  coaxial  transmission  line 
represents  the  feed-point,  which  will  be  discussed  in  more  detail  later.  The  wire  used 
throughout  is  #  18  gauge  finite  conductivity  copper  wire.  The  antenna  is  supported  by 
an  aluminum  mast  and  ground  rod.  The  antenna  is  fed  through  a  Palomar  9:1  balun 
at  the  top  of  the  mast. 

Because  the  Bent  Bow  antenna  has  quite  a  few  degrees  of  symmetry,  considerable 
savings  in  CPU  time  can  be  achieved  by  taking  advantage  of  certain  features  built 
into  NEC.  The  use  of  two  planes  (Y-Z,  X-Z)  of  symmetry  and  the  Numerical  Green’s 
Function  (NGF)  in  NEC  has  been  used. 

The  other  antenna  is  a  simple  Sloping  Longwire  which  is  500  feet  in  length.  The 
computer-generated  drawing  of  the  model  of  this  antenna  for  use  in  NEC  is  shown  in 
Figure  3.2.  The  end  is  terminated  with  a  600  SI  resistor  into  a  1.5  foot  ground  rod. 
The  feeder  wire  slopes  from  the  apex  to  one  side  and  is  connected  to  a  TMC  12:1 
balun.  The  other  terminal  of  the  balun  is  connected  to  a  1.5  foot  ground  rod.  Finite 
conducting  steel  wire  is  used  throughout  with  a  radius  of  .00055  meters.  The  antenna 
is  supported  by  a  35  foot  aluminum  mast  and  1.5  foot  ground  rod. 

Tapering  has  been  used  on  both  antennas  to  reduce  the  number  of  segments  and 
to  ensure  accuracy  in  critical  regions.  Models  were  constructed  and  guidelines  followed 
for  all  frequencies  from  2  to  30  MHz. 

4.  GROUND  CONSTANTS  MEASUREMENTS 

G.  Hagn  of  SRI,  International  was  tasked  to  come  to  our  field  site  and  make 
measurements  of  conductivity,  a,  and  dielectric  constant,  c,  in  July,  1987.  Mr.  Hagn 
has  made  similar  measurements  all  over  the  world  and  has  a  very  good  system  and 
technique.  The  system  called  the  Open  Wire  Line  (OWL)  technique  uses  an  electrically 
short  two- wire  transmission  line  which  has  the  equivalent  circuit  of  a  low-loss  capacitor. 
Measurement  of  the  capacitance  and  dissipation  factor  (the  ratio  of  conduction  to 
displacement  current)  is  made  with  a  IIP  4193A  vector  impedance  bridge  in  air  and 
ground  to  determine  a  and  c. 

The  location  of  the  measurement  site  is  shown  in  Figure  4.1  for  the  OWL  and  all 
antenna  measurements.  Test  wells  are  also  shown  in  this  figure  for  some  other  work 


being  carried  out  by  LLNL  for  testing  ground  water,  etc.  Many  more  measurements 
were  made  in  the  vicinity  of  where  the  antennas  were  positioned  since  it  is  the  local  near¬ 
field  region  which  primarily  determines  the  input  impedance  and  current  distributions. 
Test  points  were  also  selected  so  that  the  Bent  Bow  antenna  could  be  measured  in  two 
basic  configurations,  endfire  and  broadside.  This  antenna  takes  up  a  space  of  about  1.50 
by  50  feet  as  shown.  Other  test  points  were  selected  along  the  radial  line  of  propagation 
for  field  strength  measurements. 

Fhotographs  of  the  site  and  measurement  process  are  shown  in  Figures  4.2  to  4.9. 
The  median  conductivity  and  relative  dielectric  constant  versus  frequency  are  shown  in 
Figures  4.10  and  4.11.  Effective  ground  conducti  vity  and  relative  dielectric  constant  for 
six  different  antenna  test  field  sites  including  Livermore  are  compared  with  some  SRI 
generic  curves  for  selected  terrain  categories  in  Figures  4.12  and  4.13.  It  is  interesting 
to  notice  that  the  Livermore  site  has  almost  exactly  the  same  ground  constants  as  that 
of  the  Delta,  Utah  site.  For  more  detailed  information  on  these  measurements  and 
description  of  the  technique  please  refer  to  the  SRI  report  mentioned  above. 

5,  FIELD  STRENGTH  MEASUREMENTS 

Field  strength  measurements  were  made  from  both  of  the  antennas  at  distances  of 
500,  750,  and  4648  feet  north  of  the  center  of  the  Bent  Bow  dipole  antenna  for  both 
the  endfire  and  broadside  configurations.  The  far  field  criterion  for  this  antenna  is  as 
follows: 

At  2  MHz, 

2  D2 

— r  =  91.5  feet 

A 

At  30  ?vt!‘z , 
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where  D  is  the  largest  dimension  of  the  antenna. 

Therefore,  the  field  test  point  locations  are  both  in  the  near  and  far  fields  at  6ome 
of  the  frequencies. 

For  the  Long  wire  antenna  the  field  strengt  hs  were  measured  at  distances  of  500, 
750,  and  4648  feet  north  of  the  center  of  the  antenna.  This  corresponds  to  distances  of 
74G.7,  996.7,  and  4895  feet  north  of  the  feedpoint  of  the  Longwire, 

At  2  MHz, 
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The  field  strength  location  test  points  are  likewise  in  both  the  near  and  far  field 
regions  at  some  frequencies. 

For  measuring  absolute  field  strength  a  Rhode  &  Schwarz  ESH-2  Calibrated  Re¬ 
ceiver  was  used  which  had  digital  frequency  readout.  This  equipment  is  supplied  with 
both  an  active  Rod  antenna  (monopole  on  fold-out  ground  radials)  and  an  active  Loop 
antenna  that  is  mounted  on  a  tripod.  Calibration  is  done  automatically  between  the 
antennas  and  the  receiver  and  electric  field  strength  can  be  read  in  dB  referenced  to 
1  pVolt  per  meter  (dB/rV/m).  Error  is  specified  to  be  less  than  2  dB.  We  used  the 
Loop  to  measure  one  component  of  the  magnetic  field  and  the  Rod  to  measure  one 
component  of  the  electric  field. 

The  field  strength  was  measured  with  the  Bent  Bow  antenna  in  two  configurations, 
endfire  and  broadside.  Endfire  corresponds  to  the  sloping  wires  from  the  feedpoint  to 
the  ground  pointing  in-line  to  the  field  strength  test  locations.  Broadside  corresponds 
to  the  dipole  being  rotated  90  degrees  from  Endfire  and  the  sloping  wires  are  then 
perpendicular  to  the  direction  pointing  to  the  test  locations.  The  Bent  Bow  antenna  is 
fed  through  29.31  meters  of  50  ft  coaxial  cable  and  a  Palomar  9:1  balun  at  the  antenna 
terminals. 


The  field  strength  of  the  Sloping  Longwirc  was  measured  in  just  one  configuration 
with  the  test  point  locations  being  located  in  a  line  in  the  sloping  direction  of  the 
longwire  (endfire).  The  antenna  was  fed  through  30.25  meters  of  50  ft  coax  and  a 
TMC  12:1  balun.  The  feeder  wire  is  connected  to  one  terminal  of  the  balun  and  the 
other  terminal  is  grounded  by  connection  to  a  1.5  loot  ground  rod. 


The  field  strength  measuring  antennas  were  oriented  as  follows.  The  Rod  was 
always  mounted  on  fold-out  radials  and  was  positioned  on  the  ground  for  all  cases.  It 
therefore  was  used  to  measure  the  vertical  component  oi  the  electric  field.  The  plane 
of  the  Loop  was  oriented  normal  to  the  radius  vector  for  tire  broadside  dipole  configu¬ 
ration.  This  corresponds  to  measuring  the  radial  component  of  the  magnetic  field  and 
indicates  that  power  is  being  lost  into  the  lossy  ground.  The  plane  of  the  Loop  was 
oriented  parallel  to  the  radius  vector  for  the  endfire  dipole  and  longwire  configurations. 
This  corresponds  to  measuring  the  horizontal  component  of  the  magnetic  field  which  is 
transverse  to  the  direction  of  propagation  for  the  appropriate  radially  outward  wave. 

The  corresponding  NEC  components  of  both  the  electric  and  magnetic  fields  have 
been  computed  and  compared  directly  with  the  measured  values.  These  results  will 
be  shown  later  in  this  report.  The  Rhode  &  Schwarz  receiver  only  gives  the  absolute 
electric  field  strength  (E-field,  Volts/mcter).  When  using  the  Loop  sensor  antenna, 
the  Rhode  &  Schwarz  manual  slates  that  the  E-field  is  determined  by  multiplying  the 
magnetic  field  measured  by  the  impedance  of  free  space,  ?/,  =  377  ft.  This  may  or 
may  not  be  correct  in  practice  due  to  surface  impedance  effects  near  the  ground.  Since 
NEC  can  give  the  magnetic  field  directly  from  computations,  one  is  really  interested 


in  knowing  the  measured  magnetic  field  for  direct  comparison.  The  magnetic  field  can 
thus  be  determined  by  simply  taking  the  measured  E-field  value  with  the  loop  and 
dividing  by  377  or  subtracting  51.527  dB  from  the  measured  dB  (p.V/m). 

Electric  field  strength  measurements  were  also  made  with  another  piece  of  equip¬ 
ment  at  our  access,  an  Electro-Metrics  (EMC)  R-70B  portable  hand  held  receiver.  This 
instrument  is  battery  operated  and  is  quite  small  in  size  and  uses  a  collapsable  whip 
sensor  antenna.  This  receiver  was  used  sitting  on  the  radials  which  are  used  for  the 
Rod  antenna,  sitting  alone  on  the  ground,  and  hand  held  at  a  height  of  1  meter  above 
the  ground.  These  positions  were  chosen  to  determine  the  sensitivity  of  placement  and 
make  comparisons  with  the  Rhode  &  Schwarz  results.  The  results  from  the  Electro- 
Metrics  unit  had  to  be  corrected  for  individual  calibration  of  the  receiver  and  antenna 
factor  of  the  antenna  This  information  is  supplied  with  the  equipment  as  calibrated 
at  the  factory. 

A  representative  E-field  strength  resuit  as  measured  with  the  Rhode  Sc  Schwarz 
instrumentation  for  the  Longwire  antenna  is  shown  in  Figure  5.1  (750  feet).  The  cor¬ 
responding  NEC  computed  result  is  shown  on  the  same  plot  for  comparison.  Likewise, 
a  result  is  shown  in  Figure  5.2  for  the  endfire  orientation  of  the  Bent  Bow  dipole.  The 
measured  results  shown  in  the  above  figures  are  all  with  the  active  Rod  sensor  antenna. 
The  Il-ficld  strength  results  as  measured  with  the  active  Loop  antenna  arc  similarly 
shown  in  Figure  5.3  for  the  Longwire  antenna  and  Figure  5.4  for  the  Bent  Bow  dipole. 

The  above  field  strength  results  have  all  been  normalized  to  a  power  of  15  watts 
at  the  terminals  of  the  antenna.  This  was  done  by  measuring  the  actual  input  power 
to  the  coaxial  cable  line  at  the  transmitter  end  using  the  digital  wattmeter.  This  input 
power  is  simply  the  forward  power  minus  the  reflected  power  at  the  transmitter  end 
of  the  line.  The  power  actually  at  the  antenna  terminals  is  less  than  this  input  power 
because  of  losses  in  the  coaxial  cable  and  the  balun,  A  loss  factor  was  measured  in  the 
laboratory  of  this  combination  of  coaxial  cable  and  the  balun  by  using  a  directional 
bridge  and  corresponding  power  meters  driven  by  a  RF  generator  source.  By  measuring 


load  power,  }JiVUCL;  and  tin.  input  power,  the  loss  factor  is  then: 


Loss  factor  = 


Pload 


The  field  strength  normalized  to  15  watts  is: 


FS{dIifiV/m)  =  10 Log{- - - - - — — )  4  FSmcaa*rcd 

1  input  Los  s  J  actor 

Also,  all  field  strengths  have  been  normalized  to  be  RMS  values. 


6.  CURRENT  PROBE  MEASUREMENTS 

Current  was  measured  at  0  locations  on  the  Bent  Bow  dipole  using  a  Tektronix 
oscilloscope  and  KF  current  probe  which  is  a  magnetic  field  sensing  loop  with  a  con¬ 
version  factor  of  2  milliamp  per  milli Volt  of  deflection  on  the  scope.  The  positions  of 
the  locations  arc  given  in  Table  8.1.  For  the  Longwire  the  current  was  measured  at 


the  junction  of  the  sloping  end  of  the  longwire  and  the  termination  resistor  junction. 
Current  was  also  measured  at  the  midpoint  of  the  longwire,  250  feet  from  the  termi¬ 
nation  resistor,  and  7.5  feet  above  ground  level.  The  currents  have  been  normalized  in 
a  similar  fashion  as  with  the  field  strengths  and  are  shown  in  Figure  6.1  for  the  Bent 
Bow  dipole  and  Figur  6.2  for  the  Longwire. 

7.  IMPEDANCE  RESULTS 

Input  impedance  at  the  transmitter  end  of  the  coaxial  feed  cable  was  measured  for 
the  Bent  Bow  dipole  antenna  in  both  the  broadside  and  endfire  orientations  and  for  the 
Longwire  in  the  endfire  orientation.  Both  orientations  of  the  Bent  Bow  dipole  antenna 
were  measured  to  see  if  any  differences  could  be  observed  which  if  found  would  indicate 
extremely  non-homogeneous  ground  or  something  in  the  environment  coupling  and 
interfering  with  the  antenna.  The  same  HP  vector  impedance  bridge  was  used  for  both 
antennas  as  used  in  the  ground  constant  measurements.  The  impedance  measured 
therefore  included  the  effects  of  the  balun  and  coaxial  cable  as  well  as  that  of  the 
antenna  under  test.  The  NEC  results  which  were  determined  at  the  antenna  terminals 
therefore  had  to  be  transformed  through  the  balun  and  the  coaxial  cable  using  proper 
relationships  for  each  frequency  of  measurement  used.  The  balun  ratio  used  was  9:1 
and  12:1  for  the  Bent  Bow  dipole  antenna  and  the  Longwire,  respectively.  For  a  coaxial 
transmission  line  the  input  impedance  at  the  transmitter  end,  Zin ,  is 

z  -  z  +  i Z*tanPl) 

ln  °(Z0  +  jZanttanin ) 

where 


and 

Z0  =  500 

The  above  transformations  were  tested  with  the  actual  coaxial  cables  and  baluns 
used  in  the  field  with  a  lest  resistor  of  measured  value  with  the  impedance  bridge  in 
the  laboratory.  The  coaxial  cable  line  length  had  to  be  converted  to  electrical  length 
by  measuring  the  velocity  of  propagation  on  the  line.  The  results  are  shown  in  Figures 
7.1  (Real  part  of  impedance)  and  7.2  (Imaginary  part  of  impedance)  for  flic  coaxial 
cable  and  balun  used  with  the  Bent  Bow  dipole.  These  figures  show  the  impedance 
measured  at  the  transmitter  end  of  the  cable  with  a  resistor  connected  on  the  other 
end  of  the  balun  (the  terminals  where  the  antenna  would  be  connected)  as  compared  to 
the  input  impedance  computed  from  the  measured  impedance  of  the  resistor  with  the 
appropriate  transformations  applied  for  the  balun  and  the  transmission  line.  Similar 
results  were  obtained  for  the  coaxial  cable  and  balun  used  with  t he  Longwire  antenna. 

The  input  impedance  results  for  the  Bent  Bow  ant  tuna  are  shown  in  Figures  7,3 
and  7.4.  The  Longwire  input  impedance  results  arc  shown  in  Figures  7.5  and  7.6. 


8.  SCALE  MODEL  RESULTS 


The  Lawrence  Livermore  National  Laboratory  has  an  anechoic  (free  space)  cham¬ 
ber  which  covers  the  frequency  range  from  1  GHz  to  18  GHz,  A  positioner  is  installed 
which  allows  pattern  measurements  in  any  plane  of  interest.  This  equipment  has  been 
supplied  by  Scientific  Atlanta.  A  full  HP  8510  vector  network  analyzer  covering  the 
frequency  range  from  45  MHz  to  18  GHz  has  also  been  installed  with  appropriate  fre¬ 
quency  synthesizers  and  test  sets  to  measure  both  magnitude  and  phase  over  the  range 
of  frequencies  mentioned  above.  The  lower  limit  of  the  chamber  is  set  from  the  size 
of  the  absorbers  used  and  that  of  the  chamber  itself.  The  actual  upper  limit  of  the 
chamber  is  specified  as  40  GHz  but  the  network  analyzer  can  presently  only  go  to  18 
GHz.  All  of  the  equipment  is  controlled  by  a  Digital  Equipment  Corporation  (DEC) 
LSI-11  computer.  Data  taking  is  also  accomplished  with  this  computer  and  data  can 
then  be  transferred  to  other  larger  computers  for  reduction  and  analysis. 

A  scale  model  of  the  Bent  Bow  dipole  antenna  was  constructed  from  measurements 
taken  from  the  full  scale  computer  model  and  built  so  that  patterns  could  be  taken  at 
the  lower  frequency  end  of  the  anechoic  chamber.  This  was  done  to  construct  a  model 
of  practical  size,  otherwise,  it  would  have  been  too  small  to  work  with.  The  final  scaling 
chosen  worked  out  as  follows: 

1.0068  GHz  corresponds  to  15-102  MHz  full  scale 

1.5326  GHz  corresponds  to  22.989  MHz  full  scale 

1.9933  GHz  corresponds  to  29.900  MHz  full  scale 

The  scaling  factor  is  66.67  for  actual  full  size  to  that  of  the  scale  model.  A  photo¬ 
graph  is  shown  in  Figure  8,1. 

Since  a  balun  of  miniature  size  is  not  readily  available  at  this  frequency  range, 
another  method  of  feeding  the  dipole  was  developed.  A  parallel  5Qfl  transmission  line 
was  constructed  out  of  miniature  hardline  coaxial  cable  and  the  center  conductors  of 
the  cable  were  connected  to  each  side  of  the  dipole  appropriately.  A  perfect  ground 
plane  was  constructed  as  a  platform  and  the  twin  coaxial  cable  was  fed  through  the 
ground  plane  to  the  other  side,  A  balun  was  Ihen  installed  at  this  position  where  it 
would  not  interfere  with  the  antenna  due  to  the  shielding  effect  of  the  large  ground 
plane.  The  balun  was  then  connected  to  the  positioner  rotary  joint  through  flexible 
coaxial  cable.  Since  only  relative  patterns  were  desired,  effects  of  impedance  mismatch, 
etc.  could  be  ignored. 

Elevation  angles  were  selected  at  appropriate  intervals  of  the  positioner  and  the 
placement  of  a  temporary  transmitting  horn  arid  NEC  models  of  this  antenna  were 
run  over  a  perfect  ground  plane  for  corresponding  patterns.  The  NEC  modeling  was 
carefully  chosen  to  correspond  with  all  dimensions  of  the  physical  scale  model  and  the 
actual  full  size  model.  Some  results  are  shown  in  Figures  8.2  to  8.4. 


0.  RESULTS  AND  DISCUSSION 


9.1  FIELD  STRENGTH  RESULTS 

The  Longwire  E-field  results  for  the  three  test  points  as  measured  with  the  Rhode 
&  Schwarz  Rod  antenna  are  within  about  3  to  10  dB  with  the  NEC  computed  results 
from  2  to  6  MHz.  The  measured  results  are  generally  higher  than  NEC.  From  6  to  16 
MHz  the  two  closest  test  points  to  the  antenna  are  in  almost  exact  agreement  and  the 
farthest  test  point  is  within  about  3  dB.  From  16  to  30  MHz  the  two  closest  test  points 
are  within  3  dB  and  the  farthest  test  point  is  within  about  7  dB.  The  NEC  results  are 
higher  than  the  measured  values  in  this  upper  end  of  the  frequency  band.  The  curves 
are  very  flat  except  for  the  low  frequency  end  of  the  range. 

The  Bent  Bow  dipole  E-field  results  in  the  endfire  orientation  measured  with  the 
Rod  antenna  are  within  a  maximum  of  20  dB  of  the  NEC  results  in  the  2  to  6  MH2 
range  with  NEC  being  mostly  higher.  From  6  to  30  MHz  the  results  are  within  about 
3  to  7  dB  of  each  other  with  NEC  being  higher  at  the  closest  and  farthest  distance. 
The  structure  of  the  curves  is  the  same  for  both  results. 

The  Bent  Bow  dipole  E-field  results  for  the  broadside  orientation  are  generally  in 
good  agreement  in  structure  and  absolute  level.  The  maximum  deviation  is  about  2  to 
10  dB  with  most  of  the  range  within  3  dB.  The  broadside  orientation  is  about  30  dB 
less  in  signal  strength  than  the  endfire  configuration  as  expected  for  this  polarization 
component. 

The  Longwire  H-field  results  as  measured  with  the  Rhode  &;  Schwarz  Loop  antenna 
are  very  close  to  the  E-field  results  discussed  above  except  for  a  shift  in  the  dB  value 
related  to  the  impedance  of  free  space,  377  SI.  There  is  also  a  couple  of  dB  more 
disagreement  between  the  results  with  the  measurements  being  even  less  than  the  NEC 
computed  magnetic  fields  as  compared  to  results  for  the  E-field. 

The  Bent  Bow  dipole  H-field  results  for  the  endfire  orientation  is  in  good  agreement 
with  the  corresponding  E-field  results.  The  same  trends  are  noted  with  the  lower  range 
of  frequencies  from  2  to  6  MHz  being  closer  to  the  computed  results. 

The  Bent  Bow  dipole  H-field  results  for  the  broadside  orientation  is  in  good  agree¬ 
ment  with  the  NEC  computed  results  except  for  the  middle  test  location  where  values 
are  in  disagreement  of  as  much  as  20  dB.  Also  the  shapes  of  the  curves  are  not  the 
same  as  for  the  corresponding  E-ficid  results  for  both  NEC  and  the  measurements  and 
are  therefore  not  related  by  a  factor  of  377. 

The  Longwire  E-field  results  as  measured  with  the  EMC  unit  in  all  three  positions, 
on  radials,  on  ground,  and  handheld,  are  all  in  good  agreement  with  NEC  results  within 
3  to  7  dB.  The  handheld  results  are  in  less  agreement  than  either  of  the  two  ground 
mounted  positions. 

The  Bent  Bow  E-fields  results  for  the  EMC  unit  in  all  three  positions  is  in  good 
agreement  with  "NEC  results  within  about  3  to  7  dB  a.s  with  the  Longwire.  All  results 
using  the  EMC  are  in  agreement  with  the  Rhode  &  Schwarz  measurements  within 
about  3  tc  dB. 


As  can  be  seen  the  field  strength  results  are  in  good  agreement  (less  than  3  dB)  in 
some  frequency  ranges  and  poor  in  other  ranges,  especially  at  lower  frequencies.  There 
seems  to  be  little  difference  between  using  either  the  Rod  or  the  Loop  antenna  except 
for  the  broadside  case  of  the  Bent  Bow  dipole  where  other  components  of  the  fields 
exist  not  in  direct  relationship.  The  EMC  unit  seems  to  perform  well  except  for  its 
limited  frequency  range  only  up  to  7  MHz.  It  is  not  known  why  the  results  are  poor 
at  some  frequencies  and  good  at  others.  The  sensitivity  of  the  ground  constants  may 
offer  some  explanation  and  more  work  should  be  done  to  study  the  ground  parameter 
variation  on  NEC  results.  Other  explanations  could  be  from  errors  with  the  measuring 
equipment  or  problems  with  the  NEC  models  of  the  antennas.  Results  can  be  generally 
said  to  be  within  3  to  7  dB  for  all  measurements  as  compared  to  NEC  and  quite  better 
at  some  specific  frequencies. 


9.2  CURRENT  PROBE  RESULTS 

The  Bent  Bow  dipole  current  probe  results  are  in  excellent  agreement  with  NEC 
for  all  of  the  test  points  located  on  the  wires  parallel  to  the  ground  except  at  the  lowest 
frequencies  where  some  differences  can  be  noticed.  Both  the  shape  of  the  curves  and 
the  absolute  values  of  the  current  are  in  good  agreement  on  these  specific  wires.  The 
results  on  the  sloping  wires  are  not  in  as  good  of  agreement  as  the  ground  wires.  The 
results  on  these  wires  arc  in  disagreement  by  a  factor  of  2  to  3  at  most  frequencies. 
This  corresponds  to  values  of  between  6  to  10  dB.  These  results  state  the  fact  that  the 
current  distributions  can  be  appreciably  different  without  affecting  the  field  strengths 
greatly  because  of  the  integral  averaging  effect  of  the  field  from  the  current. 

The  Longwire  current  probe  results  were  measured  in  just  two  test  point  locations 
on  the  wire.  The  results  for  test  point  1,  at  the  resistor  termination  end,  are  in  good 
agreement  with  NEC  within  about  a  factor  of  2  or  less.  For  the  test  point  at  the 
midpoint  of  the  Longwire  the  agreement  is  not  as  good.  Disagreements  of  factors  as 
high  as  8  or  more  occur  at  some  frequencies  and  an  average  factor  of  3  to  6  is  seen. 
Again  it  can  be  said  that  the  integral  effect  of  this  current  is  most  important  and  not 
the  exact  absolute  values  of  the  distribution  for  determining  field  strength. 


9.3  IMPEDANCE  RESULTS 

The  tests  of  the  impedance  transformations  of  the  coaxial  cables  and  the  baluns 
using  a  resistor  of  measured  value  in  the  laboratory  are  in  excellent  agreement.  Results 
are  within  about  5  to  10  f2  for  the  Bent  Bow  balun  with  the  greatest  differences  at  the 
higher  frequencies  which  can  be  expected.  The  Longwire  results  are  somewhat  worse 
being  within  about  10  to  20  fi  which  may  be  due  to  the  larger  size  of  the  TMC  balun 
and  the  resulting  distributed  reactance  effects  with  connections,  etc. 

The  actual  field  impedance  measurements  on  the  Bent  Bow  dipole  are  in  good 
agreement  with  NEC  except  at  the  lower  frequency  range  between  2  to  6  MHz.  The 
results  are  essentially  the  same  for  both  the  broadside  and  endfire  configurations  which 
is  a  good  sign  of  a  clean  site  free  from  interfering  objects.  The  shapes  of  the  curves 
are  tracked  well  and  the  variation  is  greater  than  the  differences  noted  in  the  resistor 


tests.  The  impedance  is  primarily  resistive  in  nature  and  around  a  value  of  50  ft. 

The  Longwire  results  are  also  in  good  agreement  and  it  is  seen  that  this  antenna 
has  less  structure  in  the  impedance  curve.  Also  the  reactive  part  of  the  impedance  is 
very  small  and  the  resistive  part  is  very  close  to  50  ft. 


9.4  SCALE  MODEL  RESULTS 


Results  for  the  pattern  measurements  made  on  the  scale  model  of  the  Bent  Bow 
dipole  antenna  are  in  good  agreement  with  NEC  computed  patterns  at  15.102  MHz 
for  elevation  angles  above  33,29°.  Belov/  this  elevation  angle  results  are  very  similar 
in  sidelobe  structure  but  noticeable  differences  are  detected.  The  main  beam  from 
measurements  is  wider  than  those  predicted  by  NEC  and  the  first  sidelobes  are  much 
reduced  or  nonexistent.  The  other  sidelobes  are  clearly  there  but  amplitude  differences 
of  between  5  to  10  dB  are  seen. 

The  results  for  patterns  at  22.989  MHz  are  also  seen  to  be  in  good  agreement 
for  elevation  angles  above  33.29°  except  for  some  small  differences  (1  to  2  dB)  at  the 
highest  angle  measured,  75.25°.  At  and  below  this  angle  cf  33.29°  the  results  are  in 
generally  good  agreement  within  3  to  5  dB  except  for  a  noticeable  widening  of  the  main 
beam  as  compared  with  NEC  results. 


Results  for  the  highest  frequency  at  29.900  MHz  are  in  good  agreement  (3  to  5 
dB)  for  angles  below  54.17°  even  at  the  lowest  elevation  angle  of  2.80°.  The  patterns 
at  and  above  54.17°  arc  noticeably  different  in  shape,  especially  at  64.61°,  They  are 
qualitatively  in  agreement  and  differences  as  high  as  15  dB  are  noted. 


It  is  not  known  exactly  why  some  of  these  results  are  different.  Some  possibilities 
are  that  this  antenna  is  very  sensitive  to  slight  changes  in  orientations  since  the  ground 
wires  are  so  close  to  the  perfectly  conducting  ground  plane.  Also  there  probably  are 
some  diffraction  effects  not  taken  into  account  from  the  edge  of  our  circular  ground  plane 
platform.  The  transmit  antenna  is  fairly  close  to  our  model  and  may  be  contributing 
some  near  field  effects  which  are  not.  taken  into  account,  also.  In  general,  the  results 
are  of  good  quality  and  demonstrate  the  capability  of  measurements  with  our  system 
and  the  validity  of  the  NEC  computations. 


XO.  CONCLUSIONS  AND  RECOMMENDATIONS 

This  work  ha.s  demonstrated  the  capabilities  of  performing  full  scale  antenna  mea¬ 
surements  in  the  field  and  achieving  comparable  results  to  those  of  numerical  compu¬ 
tations  using  NEC-3.  It  has  been  shown  that  one  must  measure  and  determine  the 
ground  constants  of  the  field  site  to  insure  meaningful  calculations  and  comparisons. 
The  field  strength  measuring  equipment  inusl  be  well  calibrated  and  one  must  insure 
that  the  equipment  is  responding  correctly  to  the  desired  components  present  of  the 
electric  and/or  magnetic  fields.  The  proper  transformations  must  be  applied  to  all 
impedance  measurements  to  quantify  the  effects  of  items  such  as  baluns.  coaxial  cable 
transmission  lines,  etc.  When  scale  models  are  used,  one  must  insure  that  the  scaling 
adheres  as  closely  as  possible  to  the  actual  full  scale  antenna  including  things  such  as 
wire  radius,  feed  arrangements,  etc.  Diffraction  and  other  effects  must  be  quantified  if 


extreme  accuracy  is  desired. 

Several  suggestions  are  offered  to  be  considered  for  future  work: 

1.  Perform  more  work  with  measuring  and  validating  the  ground  constants  of  different 
sites  since  measurements  of  this  type  really  become  statistical  in  nature. 

2.  Explore  and  compare  other  techniques  of  measuring  the  ground  constants  to  provide 
added  confidence  and  ease  of  making  measurements. 

3.  Perform  a  parameter  variation  study  with  NEC-3  on  the  antennas  investigated  in 
this  work  to  quantify  the  effect  of  varying  the  ground  constants  on  the  parameters 
measured. 

4.  Investigate  the  sensitivity  and  accuracy  of  field  strength  measuring  equipment  in  a 
controlled  laboratory  environment. 

5.  Perform  other  experiments  on  antennas  with  known  difficulties  such  as  the  stepped 
radius  problem,  VLF  effects,  loop  antennas,  wire  grids,  buried  antennas,  etc.  to 
provide  useful  guidelines  for  further  modeling  and  validity  of  results. 

6.  Investigate  sky  wave  effects  on  antennas  from  measurements  to  provide  useful  in¬ 
formation  on  both  antenna  codes  and  propagation  codes. 

7.  Determine  what  is  important  in  scale  modeling  and  use  this  method  to  provide 
further  validation  of  codes  on  difficult  to  construct  and  measure  full  scale  antennas. 

We  hope  that  this  work  will  provide  much  incentive  and  feasibility  for  more  future 
efforts  to  be  carried  out  on  both  full  scale  and  scale  model  antennas  for  the  further 
validation  of  present  and  new  Numerical  Electromagnetic  Codes. 
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and  A 


Figure  4.3  SRI  OWL  Kit  in  use  at  Livennore,  Probe  Insertion.  Shown  here  are 
Breakall  and  R.  W.  Adler. 


ristman. 


Figure  4.6  Clearinq  the  Vegetation  at.  Location  12.  Shown 
here  is  A.  M,  Christman  with  Supervision  from  Advisors  J.  K 
Breakall  and  R.  W.  Adler. 


Figure  4.7  Members  of  Ground  Constant.  Measurements  Team.  Shown  are  G.  H.  Hogn 
Breakall,  and  A.  M.  Christman. 
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NEC  Verification  Experiment 

Loog  Wire  Antenna,  LiLNL,  August,  1937 


Frequency  In  MHz 

Figure  5.1  Electric  Field  Strength  Results  for  the  Sloping  Longwire  Antenna  (Endfire;  at 
the  750  Foot  Test  Point  Location. 
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NEC  Verification  Experiment 

Bent  Bow  Antenna,  L!LNL,  August,  1087 
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Frequency  in  MHz 

Figure  6.1  Current  Results  for  the  Bent  Bow  Antenna  (Endfire)  at  Wire  Location 
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Frequency  In  MHz 

igure  6.2  Current  Results  for  the  Sloping  Lonawire  Antenna  (Endfire)  at  Wire  Location 


NEC  Verification  Experiment 

Sent  Bow,  Resistor  Test,  LLNL,  August,  1987 
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Frequency  In  MHz 

Figure  7.1  Resistor  Load  Test  Results  for  the  Bent  Bow  Antenna,  Real  Part  of  Input 
Irnpedance. 


NEC  Verification  Expert 

Bent  Bow,  Resistor  Test,  LLNL,  August, 
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Frequency  In  MHz 

Figure  7.2  Resistor  Load  Test  Results  for  the  Bent  Bow  Antenna,  Imaginary  Part  of  Input 
Impedance. 


NEC  Verification  Experiment 

Bent  Bow  Antenna,  Endflre,  LLNL  August,  1987 


Frequency  In  MHz 

Figure  7.3  Input  Impedance  Results  for  the  Bent  Bow  Antenna  (Endfire),  Real  Part  of  Input 
Impedance. 
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Frequency  In  MHz 

Figure  7.4  Input  Impedance  Results  for  the  Bent  Bow  Antenna  (Endfire) ,  Imaginary  Part  of 
Input  Impedance. 


NEC  Verification  Experiment 

Long  Wire  Antenna,  LLNL,  August,  1987 
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Frequency  in  MHz 

Figure  7.5  Input  Impedance  Results  for  the  Sloping  Longwire  Antenna  (Endfire),  Real  Part 
of  Input  Impedance. 


Figure  8*1  Scale  Model  of  8ent-8ow  Dipole  Antenna  Mounted  on  Ground  Plane  in  LLNL 
Anechoic  Chamber. 


NEC  Verification  Experiment 

Bent  Bow  Scale  Model,  LLNL,  October,  1987 


Figure  8*3  Scale  Model  Pattern  Measurements  for  jn  Elevation  Angle  of  23.06°  at 
Frequency  of  22.989  MHz. 
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ABSTRACT 


The  Numerical  Electromagnetics  Code  (NEC)  was  used  to  model 
a  32-foot  vertical  radiator  operating  at  several  frequencies 
throughout  the  HE  band.  The  radietor  was  elevated  to  a  number  of 
different  heights  above  ground  level,  and  was  used  with  4 
elevated  horizontal  radials  of  various  lengths.  Two  separate 
methods  of  feeding  the  antenna  were  modeled,  and  its  performance 
wac  evaluated  in  terms  of  ground-wave  field  strength  and  far- 
field  power  gain. 


INTRODUCTION 


Personnel  at  LLNL  were  asked  by  the  U.s.  Army  communications 

4 

Electronics  Command  (CECOM)  to  model  vertical  monopole  antennas 
with  several  different  types  of  ground  systems  in  order  to 
determine  relative  performance  characteristics.  Since  HF  radio 
channels  are  used  by  the  Armed  Forces  to  supply  communications  in 
a  wide  variety  of  tactical  (field)  environments,  a  single  all¬ 
purpose  antenna  is  highly  desirable.  The  ideal  antenna  would  be 
simple  in  design  and  should  ha  quickly  and  easily  erectable  by 
personnel  with  minimal  skills  and  few  tools.  In  addition,  it 
would  have  a  low  profile  and  rot  cover  vast  amounts  of  land  area. 
Finally,  this  ideal  antenna  v-uld  have  a  wide  bandwidtn,  while 
providing  both  ground-vi'a'/e  and  sky-wave  coverage.  A  "perfect 
radiator"  such  as  the  one  dolineated  above  probably  does  not 
exist,  but  NEC  modeling  indicates  that  an  elevated  vertical 
radiator  with  four  elnvoted  horizontal  radials  can  provide 
surprisingly  good  results. 


Several  options  are  available  for  modeling  antennas  which 
are  located  near  the  ground.  Either  perfect  ground  or  imperfect 
ground  may  be  specified,  with  the  user  supplying  values  for 
conductivity  (  a  )  and  relative  permittivity  (  e  )  in  the  case  of 

r 

finite  ground.  The  finite-ground  solution  may  be  performed  in 
one  of  two  ways,  either  as  a  reflection-coefficient  approximation 
(which  is  fast  but  less  accurate),  or  by  using  a  Sommerfeld- 
Norton  method  which  is  slower  and  requires  more  memory  storage 
space  but  is  more  precise.  The  Sommerf eld-Norton  option  requires 
that  a  separate  computer  program  (SOMNTXD)  be  run  prior  to  the 
NEC3D  program  in  order  to  generate  and  store  a  "ground 
interaction  matrix"  which  is  then  called  by  NEC3D.  To  give  the 
best  possible  accuracy,  the  CECOM  antennas  were  modeled  using  the 
Sommerf eld/Norton  option.  The  ground  constants  (conductivity  and 
relative  permittivity)  used  throughout  this  study  were  "average" 
values  typical  of  many  rural  sites. 

NEC  MODELS 

NEC  was  used  to  model  a  simple  vertical  radiator  at  five 
different  frequencies,  in  combination  with  a  wide  variety  of 
ground  system  configurations.  Table  I  shows  the  extensive  number 
of  antennas  which  were  analyzed,  including  the  frequencies  of 
operation  and  a  description  of  the  ground  systems.  At  each 
frequency,  tne  simplest  ground  system  was  always  a  2-foot  ground 
rod,  which  served  as  the  "worst-case"  model.  Then  a  number  of 
different  four-radial  antennas  were  studied,  in  which  the  height 
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THE  NUMERICAL  ELECTROMAGNETICS  CODE 

NEC-3D  (the  D  indicates  double-precision)  is  a  user- 
oriented  computer  program  which  can  be  used  to  design  or  analyze 
the  electromagnetic  characteristics  of  an  antenna  or  other 
metallic  structure.  The  code  operates  by  solving  a  set  of 
integral  equations  for  the  currents  induced  on  the  structure  by 
incident  fields  or  sources.  A  magnetic-field  integral  equation 
is  used  for  modeling  smooth  surfaces,  while  an  electric-field 
integral  equation  formulated  especially  for  wires  is  also 
included,  thus  providing  the  user  with  the  ability  to  model  a 
wide  variety  of  devices. 

Radiating  systems  can  be  modeled  in  free  space  or  over 
ground,  which  may  be  either  a  perfect  or  an  imperfect  conductor. 
The  structure  may  be  isolated  from  the  ground  plane  or  may  touch 
or  penetrate  the  earth/air  Interface.  The  model  may  Include 
lumped-element  loading,  perfect  or  imperfect  conductors,  non¬ 
radiating  networks,  or  transmission  lines  interconnecting  various 
parts  of  the  system. 

Excitation  may  include  incident  plane  waves  of  either  linear 
or  elliptical  polarization,  or  voltage  sources  located  at 
arbitrary  points  on  the  structure.  The  output  may  consist  of 
currents  or  charges  on  wire  segments,  radiation  patterns,  near 
and  far  electric  and  magnetic  fields,  and  antenna  feed-point 
parameters . 
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Table  I.  Listing  of  vertical  monopole  antenna  systems  which  were  modeled  using  NEC,  continued 
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above  ground,  the  length  of  the  radials,  and  the  type  of  feed 
system  were  varied.  The  monopole  length  in  all  cases  was  fixed 
at  32  feet,  while  operating  frequencies  of  2,4,8,16,  and  24  MHz 
were  utilized.  The  minimum  radial  length  was  held  at  32  feet, 
but  longer  (0.25  wavelength)  radials  were  also  examined  at  those 
frequencies  where  the  32-foot  radials  were  shorter  than  a 
quarter-wavelength.  In  the  "direct-feed"  method,  the  inner  end 
of  each  radial  and  the  outer  shield  conductor  of  the  coaxial 
transmission  line  are  both  tied  directly  to  the  metallic 
structure  which  supports  the  vertical  radiator;  the  "isolated- 
feed"  system  eliminates  this  connection  to  the  supporting 
structure.  Figure  1  is  a  computer-generated  illustration  of  a 
typical  elevated-radial  vertical  monopole  antenna  system. 

Special  software  written  at  LLNL  takes  the  NEC  output  for  a 
particular  antenna  model  and  reduces  the  20-plus  pages  of 
numerical  listings  into  a  concise,  user-friendly,  three-page 
summary  which  contains  the  following  information: 

1.  A  title  block  with  the  number  of  the  antenna  and  a 
short  description  of  its  geometry. 

2.  A  drawing  of  the  antenna  showing  compass  directions  and 
a  scale  of  distances. 

3.  Operating  frequency  in  megahertz. 

4.  Ground  conductivity  in  Siemens  per  meter. 

5.  Relative  permittivity  of  the  ground. 

6.  Input  impedance  in  ohms. 

7.  VSWR  with  respect  to  50  ohms. 

8.  Azimuthal-plane  plot  of  vertical  ground-wave  field 


strength  in  dBmV/m,  for  15  watts  power  input. 

9.  Azimuthal-plane  plot  of  horizontal  ground-wave  field 
strength  in  dBm.v/m,  for  15  watts  power  input. 

10 .  Azimuthal-and  elevation-plane  power  patterns  at  10- 
degree  increments  in  elevation  angle. 

Figure  2  is  the  three-page  summary  for  antenna  #HF57,  which  is  a 
32-foot  monopole  with  four  32-foot  radials  operating  at  24  MHz; 
the  entire  antenna  is  elevated  to  a  height  of  5  meters  above  the 
ground,  and  an  isolated  feed  system  is  used. 

CONCLUSIONS 

It  is  not  possible  to  include  the  complete  three-page 
Summary  for  each  of  the  in  a  Xl  y  antennas  which  were  modeled,  but  a 
careful  study  of  these  results  has  led  to  the  following  general 
conclusions : 

A.  At  2  MHz,  the  32-foot  vertical  monopole  and  radials  are 
quite  short  compared  to  the  wavelength,  so  several  ex¬ 
amples  using  123-foot  (0.25 X  )  radials  were  modeled.  A 
review  of  tha  NEC  output  shows: 

1.  When  using  32-foot  radials,  isolated  feed  works 
much  better  than  direct  feed. 

2.  When  using  123-foot  (0.25  X)  radials,  direct  feed 
and  isolated  feed  both  perform  about  the  jne. 

3.  When  using  direct  feed,  full-size  (0.25  X)  radials 
are  much  better  than  shorter  ones. 

4.  When  using  isolated  feed,  short  radials  are 
slightly  better  than  full-size  (0.25 X  )  ones. 


Figure  2.  HF57:  32-FT  WHIP  &  A  32-FT  RPIDIALS  UP  5  METERS,  ISOLATED 
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RPDIALS  UP  5  METERS,  ISOLATED,  continued 
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5  METERS,  ISOLATED,  continued 
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B. 


•  C. 


When  using  elevated  radials,  higher  is  better. 

6 .  The  best  performance  was  obtained  from  an 
isolated-feed  system  using  4  32-foot  radials  at  a 
height  of  5  meters. 

At  an  operating  frequency  of  4  MHz,  the  32-foot  antenna 

system  is  still  small  in  terms  of  wavelength,  so  both 

32-foot  and  61.5-foot  (0.25  X)  radials  were  tried. 

Analysis  of  the  computer  output  reveals  that: 

1.  When  using  32-foot  radials,  isolated  feed  works 
much  better  than  direct  feed. 

2.  When  using  61.5-foot  (0.25  X  )  radials,  direct  feed 
and  isolated  feed  both  perform  about  the  same. 

3.  When  using  direct  feed,  full-size  (0.25  X)  radials 


are  much  better  than  shorter  ones. 

4.  When  using  isolated  feed,  short  radials  are 
slightly  worse  than  full-size  (0.25 X  )  ones. 

5.  when  using  elevated  radials,  higher  is  better,  ex¬ 
cept  for  the  case  of  32-foot  radials  and  direct 
feed. 

6.  The  best  performance  was  obtained  from  an 

isolated-feed  system  using  4  61. 5-foot  radials 

(0.25  X)  at  a  height  of  5  meters. 

The  antenna  system  is  essentially  full-size  (0.25  X  )  at 

a  frequency  of  8  MHz,  and  the  following  conclusions  may 

be  drawn: 

1.  At  a  fixed  height,  both  isolated  and  direct-feed 
methods  perform  in  a  similar  fashion. 


2. 


When  using  elevated  radials,  higher  is  better. 

3.  The  best  performance  was  obtained  using  4  elevated 
radials  at  a  height  of  5  meters,  with  either  the 
isolated  or  direct  feed  techniques. 

D.  At  16  MHz  the  32-foot  monopole  and  radials  are  now 
about  C.5  X  in  size,  and  the  performance  may  be 
summarized  as  follows: 

1.  With  elevated  radials,  a  secondary  (high-angle) 
lobe  starts  to  develop  as  the  height  above  ground 
increases,  and  this  secondary  lobe  begins  to 
dominate  the  elevation-plane  pattern  as  the 
antenna,  is  raised  more  than  3  meters  above  ground. 

2.  The  isolated-feed  system  works  slightly  better 
than  direct  feed. 

E.  The  antenna  system  is  rather  large  in  terms  of  wave¬ 
length  at  an  operating  frequency  of  24  MHz,  and  the 
computer  output  reveals: 

1.  For  elevated  radials,  higher  is  better;  as  height 
increases,  the  power  gain  remains  about  the  same, 
but  the  elevation  angle  of  the  single  (relatively 
high-angle)  lobe  becomes  steadily  lower. 

2..  Both  direct  and  isolated  feed  methods  provide 

similar  performance. 

Throughout  this  paper  it  has  been  implicitly  assumed  that 
the  results  produced  by  NEC  are  correct.  While  NEC  is  probably 
the  most  widely-used  electromagnetics  program  available  today  for 
the  sophisticated  user,  little  ha ir>  been  done  to  verify  the 


accuracy  of  NEC-3  when  used  to  analyze  wire  antennas  which 
penetrate  or  lie  in  close  proximity  to  lossy  earth.  More  field 
research  needs  to  be  conducted  in  this  area,  so  that  code  users 
can  be  fully  confident  in  the  validity  of  their  work. 
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ABSTRACT 


Computer  analysis  performed  at  Lawrence  Livermore  National  Laboratory 
(LLNL)  in  the  summer  of  1956  Indicated  that  an  elevated  vertical  monopole 
with  4  elevated  horizontal  radial s  could  outperform  a  conventional  ground- 
moimted  monopole  with  120  burled  radlals.  In  the  fall  of  1987,  field  tests 
were  carried  out  on  several  elevated-radial  configurations  as  well  as  typi¬ 
cal  ground-mounted  vertical  antennas  using  as  many  as  120  radlals  In  an 
attempt  to  confirm  the  computer  predictions.  The  results  of  Input- 
Impedance  and  field-strength  measurements  are  contained  herein. 


INTRODUCTION 


Computer  modeling  studies  performed  at  LLNL  during  the  summer  of  1986 
Indicated  that  an  elevated  vertical  monopole  antenna  with  four  elevated 
horizontal  radials  could  provide  low-angle  power  gain  that  was  equal  to  or 
better  than  that  which  was  attainable  from  a  conventional  ground-mounted 
radiator  with  120  burled  radials.  In  1987,  the  U.S.  Army  Communications 
Electronics  Command  at  Ft.  Monmouth,  New  Jersey,  provided  funding  to  con¬ 
duct  a  limited  outdoor  test  of  this  concept  In  order  to  determine  Its  vali¬ 
dity.  Measurements  of  Input  Impedance  and  electric  field  intensity  were 
made  on  8  separate  vertical-monopole  antenna  systems  which  were  constructed 
sequentially  on  a  large  flat  site  Immediately  adjacent  to  the  laboratory 
facility. 


METHODOLOGY 

Several  different  types  of  ground  systems  were  constructed  in  the 
field  and  used  in  conjunction  with  a  32-foot  tapered  aluminum  vertical 
radiator.  The  radiator  is  self-supporting,  but  was  lightly  guyed  with 
nylon  string  in  order  to  ensure  vertical  1 ty .  The  following  grounj  system 
configurations  were  utilized: 

1.  120  32-foot  radials  laid  on  top  of  the  soil,  direct  feed 

2.  4  32-foot  radials  laid  on  top  of  the  soil,  direct  feed 

3.  2-foot  ground  rod  driven  completely  Into  the  soil,  direct  feed 

4.  4  32-foot  radials,  system  elevated  1  meter  above  the  earth, 
direct  feed 

5.  4  32-foot  radials,  system  meters  above  the  earth, 

direct  feed 

6.  4  32-foot  radials,  system  vated  5  meters  above  the  earth, 
direct  feed 


7.  4  32-foot  radials,  system  elevated  3  meters  above  the  earth. 
Isolated  feed 

8.  4  32-foot  radial s,  system  elevated  5  meters  above  the  eartn. 
Isolated  feed 


For  the  "direct  feed"  method,  the  Interior  ends  of  the  radial s  and  the 
outer  conductor  (shield)  of  one  end  of  a  20-foot  section  of  RG-213  coaxial 
cable  were  joined  directly  to  the  metallic  mast  which  was  supporting  the 
base  of  the  vertical  radiator.  The  center  conductor  of  the  coax  was  ter¬ 
minated  with  a  solder  lug  which  attached  to  a  stainless-steel  bolt  at  the 
base  of  the  radiator.  The  vertical  radiator  was  Insulated  from  Us  support 
structure  by  a  large  sturdy  spacer  made  of  Delrl.i.  When  using  four  ele¬ 
vated  horizontal  radials,  the  outer  end  of  each  radial  was  Isolated  from 
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tional  100-foot  section  of  RG-213  coax  was  used  to  complete  the  cable  run 
from  the  antenna  back  to  the  transmitter. 


The  "Isolated  feed"  method  utilized  a  1:1  ,lW2DU"  balun  at  the  feed- 
point  in  an  effort  to  prevent  the  flow  of  "antenna  current"  on  the  outer 
surface  of  the  shield  (outer  conductor)  of  the  coaxial  cable-  The  W2DU 
device  is  a  "choke"  balun;  It  contains  ferrite  rings  which  surround  the 
outer  circumference  of  the  feeder  and  are  designed  to  "choke  off"  any  RF 
current  which  might  otherwise  be  present.  One  of  the  balun  output  ter¬ 
minals  has  an  alligator  clip  on  It  for  connection  to  the  four  radials;  the 
other  terminal  has  a  solder  lug  which  attaches  to  the  bolt  at  the  base  of 
the  vertical  radiator.  A  20-foot  length  of  RG-2.3  transmission  line  which 
is  equipped  with  PL259  connectors  on  both  ends  Is  substituted  for  the 


20-foot  line  used  In  the  "direct"  method.  Four  32- foot  copper  radial s  are 
used;  all  of  which  have  Insulators  on  both  ends  in  order  to  provide 
electrical  Isolation  from  the  metallic  support  mast.  The  inner  ends  each 
have  an  alllgoator  clip,  so  that  every  radial  may  be  joined  to  Its  neigh¬ 
bor.  Figure  1  illustrates  the  physical  arrangement  of  the  masts,  guy 
ropes,  monopole,  and  radial s  for  a  typical  elevated-radial  antenna-test 
configuration. 

RESULTS  AND  DISCUSSION 


Input  Impedance 

The  Input  Impedance  of  each  antenna  configuration  tested  In  the  field 
Is  presented  In  Tables  I  through  VIII.  The  impedance  values  were  measured 
at  the  transmitter  end  of  120  feet  of  coaxial  cable  and  then  transformed  to 
their  equivalent  antenna  feed-point  values  through  use  of  the  classical 
transmission-line  equations.  It  should  be  noted  that  slight  inaccuracies 
In  either  the  measured  impedance  values  or  the  measured  velocity  factor  of 
the  coaxial  cable  can  lead  to  large  changes  in  the  calculated  feed-point 
impedances,  SO  the  antenna  end"  Value'S  may  be  IcSS  pPcClSc  than  the 
"transmitter  end"  data. 


Because  the  32-foot  whip  Is  quarter-wave-resonant  at  a  frequency  just 
below  8  MF2,  It  Is  helpful  to  examine  the  "antenna  end"  Input-Impedance 
values  for  all  of  the  various  antenna  configurations  when  measured  at  8 
MHz;  this  information  is  listed  in  Table  IX.  Notice  that,  as  one  would 
expect,  the  input  resistance  for  the  120-radlal  system  Is  about  40  ohms, 


Table  I.  Input  Impedanee  of  a  32-foot  vertical  monopole  antenna  with  120  32-foot  radials 
laid  on  the  surface:  of  the  earth.  Impedance  values  are  given  at  the  transmitter 
and  at  the  antenna  feed-point,  which  are  separated  by  120  feet  of  RG-213  50-ohm 
coaxial  cable. 
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Table  II.  Input  Impedance  of  a  32-foot  vertical  monopole  antenna  with  4  32-foot  radlals 
laid  on  the  surface  of  the  earth.  Impedance  values  are  given  at  the 
transmitter  and  at;  the  antenna  feed-point,  which  are  separated  by  120  feet  of 
RG-213  50-ohm  coaxial  cable. 
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Table  III.  Input  impedance  of  a  32-foot  vertical  monopole  antenna  with  only  a  2-foot 
ground  stake.  Impedance  values  are  given  at  the  transmitter  and  at  the 
antenna  feed-point,  which  are  separated  by  120  feet  of  RG-213  50-ohm  coaxial 
cable. 
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Table  IV.  Input  impedance  of  a  32-foot  vertical  monopole  antenna  with  4  radials,  antenna 
elevated  J  meter  above  the  ground,  direct  feed.  Impedance  values  are  given  at 
the  transmitter  and  at  the  antenna  feed-point,  which  are  separated  by  120  feet 
of  RG-213  50-chm  coaxial  cable. 


Table  V.  Input  impedance  of  a  31!- foot  vertical  monopole  antenna  with  4  radians 5  antenna 
elevated  3  meters  above  the  ground,  direct  feed.  Impedance  values  are  given  at 
the  transmitter  and  at  the  antenna  feed-point,  which  are  separated  by  120  feet 
of  RG-213  5G-chm  coaxial  cable. 
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Table  VII.  Input  impedance  of  a  32-foot  vertical  monopole  antenna  with  4  radial s,  antenna 
elevated  3  meters  above  the  ground,  isolated  feed.  Impedance  values  are  given 
at  the  transmitter  and  at  the  antenna  feed-point,  which  are  separated  by  120 
feet  of  RG-213  50-ohm  coaxial  cable. 
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Table  VIII.  Input  impedance  of  a  32-foot  vertical  monooole  antenna  with  4  radial s, 

antenna  elevated  5  meters  above  the  arourd,  isolated  feed.  Impedance  values 
are  given  at  the  transmitter  and  at  the  antenna  feed-point,  which  are 
separated  by  120  feet  of  RG-213  50-ohm  coaxial  cable. 
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and  the  Input  reactance  is  Inductive  (the  antenna  Is  slightly  “long"  at  8 
MHz).  When  just  4  radlals  are  used,  the  ground  losses  are  much  higher,  as 
revealed  by  the  36-ohm  Increase  In  the  feed-point  resistance.  Earth  losses 
are  greater  still  when  only  a  single  2-foot  ground  rod  Is  used!  Notice 
what  happens  when  4  elevated  radlals  are  used:  at  a  height  of  1  me tar 
above  ground,  the  Input  Impedance  Is  virtually  identical  to  that  of  the 
ground-mounted  120-radlal  system.  This  would  seem  to  indicate  that  these 
two  systems  are  very  similar  electrically,  and  NEC  studies  predict  nearly- 
equal  values  of  radiated  field  strength  from  both  antennas.  The  elevated 
system  at  a  height  of  3  meters  has  values  of  resistance  and  reactance  which 
are  somewhat  lower  than  those  of  the  previous  elevated  antenna,  but  the 


Table  IX.  Input  Impedance  values  for  a  32-foot  vertical  monopole  antenna 


w i ui  a  variety  of  ground  systems.  Thj 
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by  taking  data  at  the  end  of  120  feet  of  RG-213  50-ohm  coaxial 
cable  and  transforming  them  to  the  antenna  feed-point  through 
use  of  the  transmission-line  equations.  Frequency  *  8  MHz. 
Radial  length  ■  32  feet. 


Ground  System  Feed  Method  Input  Impedance  (Ohms) 

Configuration  Real  Imaginary 


l  c\J  lauiai  j  uu  liic  yi  uuiiu 

*4  4 

U  1  1  G-  u 

At  C7 

T  .  «  V* 

■sn  no 

4  radlals  on  the  ground 

direct 

77.56 

38.95 

2-foot  ground  rod  only 

direct 

97.81 

21,32 

4  radlals  elevated  1  meter 

direct 

41.42 

30,60 

4  radlals  elevated  3  meters 

direct 

34,20 

24.58 

4  radlals  elevated  5  meters 

direct 

7.83 

-2.44 

4  radlals  elevated  3  meters 

Isolated 

44.31 

45.56 

4  radlals  elevated  5  meters  Isolated 


40.47 


49.97 


numbers  seem  reasonable.  The  next  line  of  data,  for  the  direct-feed 
elevated-radial  system  at  a  height  of  5  meters,  appears  to  be  totally 
wrong,  and  should  probably  be  discarded.  The  Indicated  value  of  only  8 
0;ims  for  the  input  resistance  Is  very  far  out  of  line,  and  disagrees  with 
the  trend  established  by  the  earlier  data.  It  Is  probable  that  some  kind 
of  wiring  error  was  made  In  the  field  test  apparatus,  leading  to  an 
artlflclally-lov  value  of  Input  Impedance.  The  last  two  Table  entries,  for 
an  Isolated-feed  system  at  heights  of  3  meters  and  5  meters  above  ground, 
show  that  both  the  Input  resistance  and  reactance  are  somewhat  higher  when 
using  Isolated  feed  than  with  direct  feed.  This  could  Indicate  a  reduction 
In  efficiency  caused  by  the  Isolated-feed  method,  or  It  could  be  an  arti¬ 
fact  cf  the  balun.  NEC  modeling  experience  indicates  that  changing  from 
"direct"  to  "isolated"  feed  should  cause  only  a  modest  shift  of  the  input 
Impedance  values. 

Field  Intensity 

KF.C  studies  Indicate  that  an  elevated  vertical  monopole  antenna  with  4 

a  1  ra/Hal  c  ran  nnf -norfAnr.  a  rnnwonHnnal  nr/MinH-mminf  cirl 
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antenna  '/1th  120  burled  radlals  when  the  elevated  antenna  Is  raised  only  a 
few  meters  aocve  the  earth.  The  low-angle  field  strength  Is  shown  to 
1  r;c  case  continually  as  the  antenna  Is  lifted  further  arid  further  away  from 
ground.  Jr  audition,  NEC  predicts  that  the  “Isolated  feed"  system  should 
proves  a  slight  Improvement  over  the  "direct  feed11  method  at  any  height 
above  the  <t'arth. 

For  *he  field  tests,  a  synthesized  transmitter  (f  ■  8.040  MHz)  was 
used  as  the  signal  source,  along  with  a  digital  watt-meter  for  measuring 


forward  and  reflected  power.  A  battery-powered  calibrated  portable 
receiver  v;as  used  to  determine  the  vertical  component  of  the  electric  field 
Intensity  at  three  separate  locations  in  the  faf-fleld  of  the  antenna. 

This  hand-held  Instrument  Is  enclosed  in  a  metal  case  and  contains  a 
collapsible  1-meter  whip  antenna  which  Is  used  to  sense  the  vertical  com¬ 
ponent  of  an  Incident  electric  field.  Preliminary  tests  indicated  that 
repeatable  and  reliable  measurements  could  be  made  with  this  Instrument. 

Table  X  Is  a  summary  of  all  the  field-strength  readings  taken  during 
three  man-weeks  of  effort  at  the  test  site.  All  of  the  field  Intensities 
shown  In  the  Table  were  adjusted  to  allow  for  losses  In  the  transmission 
line  (and  balur  If  present)  and  were  normalized  for  a  power  input  of  15 
watts  at  the  feed-point  of  the  antenna.  Unfortunately,  the  data  proved  to 
be  Inconclusive,  arid  no  strong  trends  were  observed.  Although  computer 
analysis  shows  that  the  elevated-radial  technique  Is  promising,  there  was 
so  much  variability  In  the  experimental  results  that  no  conclusive  evidence 
was  found  to  either  confirm  or  deny  the  hypothesis.  It  is  not  known 
whether  tht  discrepancies  are  due  to  equipment  malfunction,  operator  error, 
or  shortcomings  in  the  NEC  computer  program.  Scattered  showers  which 
occurred  in  the  area  during  the  course  of  the  outdoor  testing  may  have 
altered  the  ground  constants  from  one  day  to  the  next,  so  that  field 
strength  data  taken  from  one  antenna  configuration  may  not  be  comparable  to 
data  taken  on  another  configuration.  On  one  occasion  the  field-strength 
receiver  ceased  operation  altogether,  but  mysteriously  recovered  a  few 
minutes  later.  It  appears  that  a  combination  of  all  of  these  factors  may 
have  acted  Iri  concert,  leading  to  a  collection  of  data  points  which  have 
little  or  no  meaning  in  relation  to  each  other. 
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Nevertheless,  an  attempt  will  be  made  to  analyze  the  data  contained  In 
Table  X  cu  c  line-by-line  basis.  In  those  cases  Involving  a  ground-mounted 
monopole  with  trials,  the  radial  wires  were  strung  out  on  top  of  the  soil 


after  all  surface  -egetatlon  had  been  cleared  away.  The  original  plan 
required  that  these  radlals  be  burled  In  the  soil  to  a  depth  of  about  two 
Inches,  but  the  dirt  at  tne  test  site  proved  to  be  extremely  hard  and  com¬ 
pacted,  so  this  strategy  was  abandoned.  The  first  design  Included  a 
120-radial  ground  system,  similar  (except  for  burial)  to  those  used  In  the 
AM  radio  broadcast  Industry,  which  will  be  used  as  the  "standard  reference" 
throughout  this  study.  The  data  In  the  first  line  of  Table  X  shows  that 
the  resulting  field  Intensity  Is  quite  high  at  a  location  250  feet  from  the 
antenna  and  decreases  smoothly  with  Increasing  distance  from  the  radiator. 
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which  were  also  rolled 


out  on  top  of  the  ground  and  their  ends  "nailed"  into  the  soil.  As  may  be 
seen,  the  field  strength  again  falls  off  monotonlcally  with  increasing 
distance,  as  expected,  although  the  4-radlal  system  Is  some  4  to  5  dB 
inferior  to  the  monopole  with  120  radlals.  This  decrease  In  field  Inten¬ 
sity  Is  caused  by  higher  ground  losses  In  the  4-radlal  system,  as  was  shown 
by  the  Increased  value  of  Input  resistance  displayed  by  this  antenna.  When 
the  vertical  radiator  was  driven  against  a  2-foot  ground  rod,  with  no 
radlals  at  all,  the  field  strength  values  were  even  lower  than  with  the 
4-radle.l  system,  except  at  the  most  distant  measuring  point  (where  the  two 
ground  systems  produced  equal  field  Intensities),  This  further  decrease  In 
field  strength  Is  also  expected,  based  upon  the  very  large  ground  losses 
which  exist  In  the  "ground-rod-only"  antenna  system. 


The  elevated  4-radlal  direct-feed  system  at  a  height  of  1  meter  was 


the  next  to  be  constructed  and  measured.  The  field-strength  values 
decrease  as  one  moves  farther  from  the  antenna,  but  the  absolute  values  are 
somewhat  lower  than  those  which  were  obtained  from  the  120-radlal 
"reference”  system.  The  elevated  direct-feed  antenna  at  a  height  of  3 
meters  Is  slightly  Inferior  to  the  reference  antenna  at  the  250-foot 
measuring  point,  but  marginally  better  than  the  reference  at  both  of  the 
more-distant  measurement  locations.  It  should  be  noted  here  that  the  spe¬ 
cified  accuracy  of  the  field-strength  receiver  Is  plus-or-mlnus  2  dB,  so 
that  from  a  practical  standpoint,  the  performance  of  the  4-elevated-radlal 
direct-feed  antenna  system  at  a  height  of  either  1  meter  or  3  meters  Is 
equal  to  that  of  the  ground-mounted  reference  system  with  120  radials.  The 
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erroneous,  as  noted  In  the  earlier  discussion  on  Input  Impedances. 


The  last  two  field  experiments  were  Intended  to  check  the  performance 
of  the  "Isolated  feed"  system  versus  that  of  the  more  conventional 
"direct-feed"  method.  (Recall  that  NEC  modeling  Indicates  an  advantage 
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"isolated  feed"  system  did  not  materialize,  as  evidenced  by  a  comparison  of 
the  "direct  feed"  and  Isolated  feed11  values  for  the  antenna  at  a  height  of 
3  meters.  At  a  distance  of  250  feet  from  the  antenna,  the  direct-feed 
system  Is  far  superior  to  .he  Isolated-feed  method,  while  the  gap  between 
the  two  techniques  narrows  steadily  as  one  moves  farther  and  farther  away 
from  the  radiator.  In  this  case  It  appears  that  the  ground  constants  may 
have  changed  during  the  Interval  of  time  between  the  two  tests,  possibly 


due  to  rain  showers,  which  would  explain  the  enormous  spread  In  the 
measured  field  Intensity  values.  Alternatively,  It  may  be  that  the  value 
of  78.5  dBuV/m  which  was  measured  at  the  250-foot  distance  Is  Incorrect. 
Since  the  field-strength  values  observed  with  the  direct-feed  system  at  a 
height  of  5  meters  are  already  suspect,  it  Is  fallacious  to  attempt  to  com¬ 
pare  them  with  the  field  Intensities  obtained  from  the  Isolated-feed  system 
at  the  same  height.  A  check  of  the  balun  showed  that  its  efficiency  at  8 
MHz  was  In  excess  of  98  percent,  but  this  was  already  taken  Into  account 
when  the  field  data  was  normalized  for  Inclusion  In  the  Table,  so  this  fac¬ 
tor  alone  cannot  explain  the  disappointing  performance  of  the  Isolated-feed 
antenna  systems.  It  Is  possible  that  the  balun  which  was  used  In  the  field 
studies  did  not  actually  provide  the  expected  degree  of  Isolation,  and  that 
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CONCLUSIONS 


Field  tests  of  the  elevated-radial  vertical  monopole  antenna  system 
were  Inconclusive,  with  only  one  or  two  elevated-radial  configurations 
being  shown  to  be  competitive  with  a  conventional  ground-mounted  antenna 
with  120  radlals.  It  Is  believed  that  this  poor  showing  by  the  elevated- 
radial  antenna  systems  was  due  to  equl,ment  problems  and  adverse  weather 
conditions  rather  than  to  any  Inherent  weakness  In  the  technique  Itself. 
Much  more  work  needs  to  be  done  In  order  to  verify  the  true  performance  of 
the  elevated-radial  antenna  at  a  variety  of  heights  above  the  ground,  and 
to  ascertain  the  performance  of  the  antenna  over  the  entire  HF  band, 
rather  than  at  a  single  frequency  as  was  done  here.  In  addition,  field- 


Intensity  measurements  should  be  taken  at  several  different  azimuths,  as  a 
function  of  distance.  In  order  to  determine  how  well  the  antenna  radiates 
In  directions  other  than  those  which  are  directly  off  the  end  of  a  radial 
wire.  Other  means  for  achieving  an  "Isolated  feed"  need  to  be  investi¬ 
gated,  such  as  wrapping  several  large  turns  of  the  coaxial  transmission 
line  Into  a  coil  at  the  feed-point,  or  perhaps  by  using  other  types  of 
baluns.  The  elevated-radial  technique  appears  to  work  (according  to  NEC) 
at  frequencies  from  the  lower  part  of  the  HF  spectrum  downward  Into  the 
standard  AM  broadcast  band,  and  experimental  verification  of  this  technique 
Is  needed. 

A  separate,  but  related,  Issue  which  needs  to  be  raised  in  this  paper 
Is  that  of  the  validity  of  NEC  Itself.  The  specla’  \ irtue  of  NEC-3  Is  its 
ability  to  model  metallic  structures  which  penetrate  the  air-earth  Inter¬ 
face,  such  as  vertical  monopole  antennas  with  burled  radlals.  Verification 
tests  need  to  be  carried  out,  either  on  full-size  antennas  erected  and 
measured  In  the  field  or  on  carefully-constructed  scale  models  which  can  be 
analyzed  In  a  laboratory  setting.  Users  will  be  able  to  place  their 
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fully  confirmed. 
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ABSTRACT 


To  obtain  a  simple  computer  model  for  the 
terminated,  sloping,  long-wire  (AFWONXX)  antenna  for 
use  in  electromagnetic  compatibility  analyses  (EMC)  at 
ECAC,  a  current  distribution  as  a  function  of 
frequency  and  length  and  an  impedance  were  assumed. 
Analytic  expressions  for  the  far  field  were  developed 
and  programmed.  The  model  results  for  a  standard 
terminated  sloping  long-wire  antenna  were  compared 
with  outputs  from  the  Numerical  Electromagnetics  Code 
(NEC)  -  Method  of  Moments  '(MOM)  version  3.  The 
difference  was  considerably  less  than  the  variability 
of  propagation  loss.  Selected  comparisons  are 
presented  herein.  The  model  has  been  incorporated 
into  an  existing  ECAC  program  termed  the  Accessible 
Antenna  Package  (APACK).  APACK  is  used  to  support 
propagation  programs  requiring  antenna  analysis 
capabilities. 


BACKGROUND 


On  numerous  occasions,  far-field  antenna  gain 
values  at  many  frequencies  in  many  directions  arc 
needed  to  evaluate  potential  sky-wave  and  ground-wave 
interference  in  the  HF  and  VHF  bands.  These 
interference  analyses  normally  must  be  performed  in  a 
limited  amount  of  time.  There  is  usually  insufficient 
calendar  and/or  computer  time  to  perform  a  detailed 
analysis  with  a  Numerical  Electromagnetics  Code  (NEC) 
-  Method  of  Moments  (MOM)  program.  Because  of  the 
need  of  systems  engineers  for  rapid,  simple  models,  a 
set  of  computer  subroutines  termed  the  Accessible 
Antenna  Package  (APACK)  [1,2,3]  was  developed  at 
ECAC.  The  models  for  sky-wave  behavior  of  antennas, 
as  discussed  by  Ma  [M,5],  were  extended  to  include 
surface  wave  terms.  APACK  is  called  by  various 
propagation  models  to  give  a  quick  estimate  of  antenna 
performance  as  needed.  In  the  APACK  subroutines  a 
current  distribution — either  sinusoidal  or  exponential 
(as  appropriate) — is  assumed,  and  the  magnitude  of  the 
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current  is  determined  with  the  aid  of  a  suitable 
approximation  for  the  impedance.  The  antenna  is  then 
decomposed  into  Hertzian  dipoles,  each  weighted  by  the 
appropriate  magnitude  and  phase  of  the  current,  and 
the  far-field  is  determined  by  summing  the 
contributions  of  the  Hertzian  dipoles  [6].  An 
analytic  expression  can  be  developed  for  this  sum  for 
most  of  the  APACK  antennas.  The  result  is  a  computer 
program  that  evaluates  approximately  the  far  field, 
in-design-band,  antenna  performance  with  considerably 
less  computer  time  than  the  i’EC-MQM  code.  The  APACK 
routines  require  only  the  geometry  of  the  antenna  as 
input  and  are  considerably  easier  to  apply  for  system 
engineers  with  little  antenna  analysis  experience.  In 
some  cases,  ths  APACK  computer  run  times  are  about 
one-one  thousandth  of  the  NEC--MOM  run  time  with 
reasonable  accuracy 


ANALYSIS  OF  TERMINATED,  SLOPING,  LONG-WIRE  ANTENNA 


4,  i" 8QU6iJ  V/  ucp x GymC-'fi  L* 

of  the  terminated  sloping  long  wire  (AFWQNXX)  antenna 
[7],  the  decision  was  made  to  add  it  to  the  APACK  3et 
of  subroutines.  The  terminated,  sloping,  long-wire 
antenna  was  developed  to  be  a  simple,  easily  erected 
antenna  that  would  provide  useful  directivity  and  gain 
for  path  lengths  greater  than  500  miles.  The  physical 
dimensions  of  the.  antenna  are  approximately  the  same 
as  for  the  slopir.g-vee  antenna  for  the  same  frequency 
range  of  operation.  Figure  1(a)  illustrates  the 
construction  of  the  antenna.  The  radiating  wire  rises 
vertically  from  the  grounded  feed  source  to  the  top  of 
the  supporting  mast  and  slopes  toward  the  ground  where 
it  is  terminated  in  a  grounded  lead  resistance. 
Insulators  are  used  to  isolate  the  rad 1?. ting  element 
from  the  support  structure.  Figure  1(b)  shows  the 
electrical  operation  of  the  antenna  and  the  analysis 
coordinates. 


The  distribution  of  current  on  the  antenna  is 
assumed  to  take  the  form  of  a  traveling  wave.  A  time 
dependence  of  ejsp(Jwt)  is  assumed  end  suppressed.  For 
the  vertical,  portion  of  the  antenna,  using  the 
coordinate  system  of  Figure  2,  the  current  Jv(z)  is 
assumed  to  have  the  form 


1  (z)  =  I  ejk£  for  z  >  0 
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Figure  1.  Terminated,  sloping,  .long-wire  antenna. 
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Figure  2. 
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Arbitrarily  oriented  current  element  over 
lossy  planar  earth. 


where  I  is  the  peak  value  of  the  current, 


k  =  2u/X 

X  s  wavelength,  in  meters 
2  -  height,  in  meters 

It  is  seen  that,  due  to  cylindrical  symmetry, 


E*v  =  0  (2) 

where 


E.  i3  the  ii~  component  of  the 

electric  far  field,  in  volts/meter 
due  to  the  vertical  antenna  portion. 


The  theta  component  EQ  caused  by  the  vertical  antenna 
purtiun  jlS  COuipUtcu  iruui  utic  uuu  uT  Ibubicns  of  thC 
elementary  current  element  (in  terms  of  the  coordinate 
system  illustrated  in  Figure  2)  over  the  assumed 
current  distribution,  resulting  in 
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where 

r  =  radial  distance  from  the  origin 
to  the  far-field  point  P(r,0,4>) 
of  Figure  2,  in  meters 
Rv  =  the  Fresnel  reflection  coefficient 
of  the  ground  for  vertical  polari¬ 
zation 
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H  13  the  height  of  the  origin  above  the 
ground  plane  (also  the  length  of  the  vertical 
portion) . 


n  is  the  refractive  index  of  the  ground  under 
the  antenna 


and 
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The  theta  component  of  the  field  Eeg  created  by 
the  sloping  portion  of  the  antenna  is  evaluated  in 
terms  of  the  coordinate  system  in  Figure  2,  in  which 
case , 


C’  =  ~  -  a' f  =  0 

cos^p  *  cose  sina:  +  oinu  cosa:  cos<j> 

a'  Is  the  angle  between  the  antenna  element 
and  its  projection  on  the  X  y  plane  or  the  complement 
of  O'  illustrated  in  Figure  2. 

The  current  distribution  along  the  sloping  portion  is 
assumed  as 
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where  s  is  the  distance  along  the  sloping  portion  of 
the  antenna. 
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When  the  observer  is  far  enough  away  such  that: 
r  -  r'  +  H  cos 8 

where  r  is  the  distance  to  the  observer  from  the  feed 
point  on  the  ground  plane  and  r'  is  the  distance  to 
the  observer  from  the  top  of  the  mast,  then  the  theta 
component  for  the  sloping  portion  may  be  written  as 

F  -  or,  t  g-~--  +JkH(cos0-1) 

■03  “  r  e 

[  Q1(F1  -  *  (1_Rv)  g2G3G4F2} 

"Q2{F1  *  RvF2G4  *  G3G4F2}^ 

(5) 

where  the  following  definitions  are  used  for 
simplification, 

r  /n^~ ~  sln2e 
2  =  n2  cose 

(sln20  -  Gg  cos20) 

-lOlrH  (’.nsfl 

=  e  - 

Fy  is  the  surface  wave  attenuation  for 
vertical  polarization 

C.J  -  COSo'  COS$  CO30 
Q2  =  sloa’  sine 

and  we  define  a  new  variable  4>2'  such  that 
cos*»2  =  cos  -  2  cosO  slna' 


and 
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1  _  e-JkL( 1-cos*2 ) 
F1  =  ( 1-003*2 ) 

-JkL( 1-003*4) 

F  .  1  -  e 

2  *  (1-cos*;) 
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where  L  is  the  total  length  of  the  sloping  portion  of 
the  antenna. 


Assuming  that  the  surface  wave  attenuation  for 
horizontal  polarization,  F  ,  is  constant  over  the 
range  of  integration,  the  phi  component  of  the  field 
created  by  the  sloping  portion  of  the  antenna  is  E^g. 
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where  R,,  is  the  Fresnel  reflection  coefficient  of  the 
ground  for  horizontal  polarization. 


The  analytic  expressions  for  the  electromagnetic 
fields  given  in  Equations  3,  5  and  6  all  have  a 
multiplicative  factor  of  1/r.  The  gain  of  the  antenna 
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times  r2  divided  by  the  total  power 
antenna.  Thus,  the  gain  of  the  antenna 
of  r  wherever  the  surface  wave  term 
This  Independence  of  distance  limits 
field  gain  calculations  since  gain 
distance  at  distances  loss  than  that 
"field  criterion  is  satisfied, 
to  express  the  c&in  o 
an  Isotropic  antenna, 


input  to  the 
is  independent 
is  neglected. 
APACK  to  far- 
varies  with 
for  which  the 
Since  It  Is  useful 
the  antenna  relative  to  that  of 
it  is  necessary  to  divide  by 


(the  ratio  of 
steradians) . 


the  impedance  of  free  space  to 


30 

4ti 


In  order  to  relate  the  power  Input  to  the  antenna 
to  the  current  IB,  it  is  necessary  to  determine  the 
impedance  of  the'  antenna.  Hie  impedance  of  the 
antenna  is  estimated  to  be  approximately  600  ohms  when 
the  length  of  the  terminated,  sloping,  long-wire 


antenna  is  between  2  and  8  x  and  is  approximately  10 
times  the  height  of  the  mast  [7].  Models  of  the 
antenna  at  different  frequencies  were  constructed  for 
a  design  length  of  500  feet  and  mast  height  of  50  feet 
employing  NEC-3  18].  The  results  of  NEC  calculations 
can  be  linearly  approximated  by  the  following  formula 
for  the  region  around  10  MH2. 


521  4-  24  (10  -  fHHz)  (7) 


input  impedance  of  the  antenna  in 
OhM3 

operating  frequency  in  MHz. 


However.  comparisons  of  APACK  and  NEC 
calculations  for  field  strengths  and  gain  were  found 
to  be  in  closer  agreement  when  the  constant  value  of 
600  ohms  is  used  for  the  input  impedance.  This  is 
possibly  due  to  the  fact  that  the  amplitude  of  the 
current  computed  by  NEC  becomes  increasingly  smaller 
with  either  an  increase  in  distance  along  the  antenna 
from  the  feed  or  an  increase  in  the  frequency,  whereas 
a  constant  value  of  current  is  assumed  in  APACK. 
Therefore,  U3ing  the  value  of  600  ohms  at  higher 
frequencies  allows  the  APACK  model  to  compensate 
somewhat  for  the  fact  that  the  amplitude  of  the 
current  along  the  antenna  is  not  really  constant. 


where 


R 


in  " 


R 


in 


MHz 


NEC  AND  APACK  MODEL  PREDICTIONS 


NEC  models  of  the  terminated,  sloping,  long-wire 
antenna  for  typical  operating  conditions  were 
constructed  and  compared  with  APACK  model  results. 
Since  the  APACK  model  of  this  antenna  Is  an 
approximation  of  the  more  rigorous  techniques  U3ed  in 
NEC,  the  NEC  models  of  the  antenna  were  viewed  as  the 
standards  by  which  modi  ling  performance  could  be 
assessed.  Differences  in  the  predictions  of  the  NEC 
and  APACK  models  are  mainly  attributed  to  the  more 
fundamental  ability  of  the  NEC  program  to  model 
amplitude  and  phase  of  the  current  along  the  antenna. 
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Figure  3  shows  a  3-dimensional  plot  of  the  NEC 
predictions  of  the  antenna  radiation  pattern  for  the 
total  gain  for  an  antenna  above  a  ground  with  a 
relative  dielectric  constant  c  of  10  and  a 
conductivity  a  of  0.01  mhos  per  meter.  Such  plots 
are,  in  general,  great  aids  in  visualizing  the 
patterns  and  in  verifying  that  the  antenna  has  indeed 
been  modeled  properly.  Figure  4  presents  the  top  view 
of  Figure  3.  The  coordinate  axes  accompanying  each 
plot  are  provided  to  show  the  orientation  of  the  axes 
only,  and  therefore  do  net  depict  the  coordinate 
origin,  which  lies  within  each  plot.  The  oblique  view 
of  Figure  3  places  the  observer  at  4>  =  25  degrees  and 
e  =  60  degrees.  The  terminated  sloping  longwire 
antenna  lies  completely  in  the  X-2  plane  and  is 
excited  at  a  frequency  of  10  MHz.  The  complex  lobing 
pattern  is  also  evident  in  Figure  4.  The  total  gain 
pattern  wa3  found  to  be  very  similar  to  the  gain 
pattern  for  vertical  polarization  (not  shown),  which 
Indicates  that  the  total  gain  is  most  heavily 
influenced  by  the  vertical  component.  Figure  3 
indicates  that,  for  a  given  elevation  angle  (e.g.,  30 
degrees),  the  maximum  gain  lies  on  either  side  of  the 
plane  of  symmetry  (X-Z  plane). 


Figure  3.  Three  dimensional  plot  of  the  total 

gain  of  terminated,  sloping,  long-wire 
antenna . 


Comparisons  of  NEC  and  APACX  predictions  at 
specific  pattern  cuts  for  the  space  wave  (direct  & 
reflected)  antenna  patterns  of  the  terminated  sloping 
longwire  antenna  are  shown  in  Figures  5  through  7. 
The  general  behavior  of  the  pattern  for  the  APACK 
predictions  agrees  with  those  predicted  by  use  of 
NEC-3.  For  practical  applications,  these  r?.sult3  are 
quite  satisfactory.  The  groundwave  is  eonsloetd  the 
complex  vector  sum  of  the  space  wave  mnd  tb?  , surface 
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Figure  5-  Total  gain  of  terminated,  sloping,  long- 
wire  antenna  in  X-Z  plane  (freq.  =  6  MHz, 
4  s  0.,  e  =  10.,  o  =  .01,  power  =  1  kW). 


10 


tlftVWVH  iMWIlt) 


Figure  6.  Total  gain  of  terminated,  sloping,  long- 
wire  antenna  in  X-Z  plane  (freq.  =  10  MHz 
4>  =  0. ,  e  =  10. ,  o  =  .01 ,  power  =  1  kW) . 
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Figure  7.  Total  gain  of  terminated,  sloping,  long 
wire  antenna  in  X-Z  plane  (freq.  =  15  M 
e  s  10.,  o  =  .01,  power  *  1  kW). 
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wave.  The  groundwave  field  strength  comparisons  in 
Figures  8  through  10  are  considered  excellent  since 
they  differ  by  no  more  than  1  dB. 
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Figure  8,  Comparison  of  groundwave  field  strength 
predictions  along  X  axis  of  terminated, 
sloping,  long-wire  antenna  (freq.  = 

6  MHz,  Observer  height  =  1m,  e  »  10., 
o  =  .01,  ♦  =  0,  power  =  1  kW). 
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Figure  9.  Comparison  of  groundwave  field  strength 
predictions  along  X  axis  of  terminated, 
sloping,  long -wire  antenna  (freq.  = 

10  MHz,  Observer  height  =  1  m,  c  = 

10. ,  o  =  .01,  ♦  »  0,  power  =  1  kW). 
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Figure  iG.  Comparison  of  groundwave  field  strength 
predictions  along  X  axis  of  terminated, 
sloping,  long-wire  antenna  (freq.,  = 

15  MHz,  Observer  height  =  i  m,  e  = 

10.,  o  =  .01,  4  =  0,  power  =  1  kW). 


SUMMARY 


analytical  equations  (Equations  2,  3,  5  and  6) 
have  been  developed  for  far-field  and  in-band 
conditions,  that  enable  rapid  computer  predictions  of 
the  gains  and  field  strengths  as  well  as  the 
groundwave  over  flat  cr  spherical  smooth  earth  for  the 
terminated,  sloping,  long-wire  antenna.  These 
equations  have  been  programmed  and  tested  for  use  in 
the  Accessible  Antenna  Package  (APACK),  a  collection 
of  computer  subroutines,  which  is  used  at  the 
Electromagnetic  Compatibility  Analysis  Csnter  (ECAC) 
to  support  propagation  programs  requiring  antenna 
analysis  capabilities.  Computer  predictions  based  on 
the  equations  have  been  compared  with  those  of  the 
more  rigorous  Numerical  Electromagnetics  Code  (NEC) 
and  have  been  found  to  provide  satisfactory  agreement. 


Comparisons  of  the  groundwave  field  strength  at  a 
Weight  of  1  meter  differed  by  no  acre  than  1  dB  for 
distances  from  1  Ion  to  8  kin.  The  APACK  predictions 
for  the  peak  gains  of  the  terminated,  sloping,  long- 
wire  antenna  were  within  2  dU  in  the  main  lobe  region. 
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Errors  of  this  magnitude  are  considerably  less  than 
the  variability  of  propagation  loss. 
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